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Abstract 
Application of highly efficient bonded composite joints to flight critical aerospace structures is 
currently limited in use, and is generally applied to secondary structures where component failure is not 
detrimental to overall safety. Less efficient and more traditional fastened joints may be utilised as the 
behaviour is well understood and characterised thoroughly in literature. The limited use of bonded 
composite joints to primary components is partly due to the lack of damage tolerant assessment, 
particularly as a result from either adverse operational environments or defects in the bondline. It is 
currently problematic to evaluate the damage tolerant performance of bonded composite joints to an 
acceptable level due to the complexity of damage mechanisms and challenges in detection or monitoring 
of failure. The progression of damage is inherently difficult to appreciate because of different failure 
modes interacting and greatly influencing each other. These interactions can also be drastically affected 
by several features including changes in geometrical, material, boundary, and environmental conditions. 
Understanding the various failure modes under typical aerospace operational circumstances, with regards 
to types of bondline faults, is essential to analysing damage tolerance of bonded composite scarf joints in 
primary structural application.  
From thorough review of the literature, a comprehensive test program was conducted to investigate 
the quasi-static structural performance of bonded composite scarf joints under a vast array of geometrical 
and environmental conditions, representative of aerospace structures, which include the effects of pre-
flawed bondlines. The identification of several critical failure mechanisms was highlighted, in both the 
adhesive layer and bonded adherends, where failure phenomena were captured through a variety of 
advanced imaging techniques including Scanning Electron Microscopy (SEM), optical microscopy, and 
micro Computed Tomography (μCT). The results of this program have highlighted the significance of not 
only the type of failure that occur for various joint conditions, but also the severity of each damage 
mechanism. Because of this work, the overall performance was directly compared to corresponding 
failure mechanisms, providing new insight towards damage tolerant assessment of bonded composite 
scarf joints. 
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Extending from the knowledge gained in experimental test program, an extensive benchmark study 
was conducted to assess the “current-state-of-the-art” analysis of progressive damage modelling, towards 
bonded composite scarf joints, using the commercially available Abaqus CAE package. The results 
showed that current methods can provide great insight into the general performance and damage 
progression of bonded composite joints provided, however in certain aspects provided mixed results in 
terms of accurate strength predations, and the ability to represent failure mechanisms observed from 
experimental results. A new analysis methodology has been developed to overcome previous modelling 
limitations, which includes the combined effects of intralaminar adherend damage, interlaminar 
delamination, composite based debonding, inelastic bondline deformation and bulk failure of the adhesive 
layer. Using inbuilt Abaqus functions, Continuum Damage Mechanics (CDM) and Cohesive Zone 
Modelling (CZM) were used to describe the nature of damage progression in the current study. The use of 
CDM can be broken down further into the Abaqus fibre reinforce and ductile material failure models. 
CZM was used to simulate both interlaminar delamination and debonding at the adhesive adherend 
interface. To capture the simultaneous combination of all these non-linear failure methods, an explicit 
Finite Element (FE) integration scheme was used. Validation of the new methodology highlighted the 
requirement for simulating all failure mechanisms observed from experimental findings, to have a high-
fidelity failure model which can accurately predict the behaviour of bonded composite scarf joints, over 
various geometrical and environmental conditions.  
For the first time, it can be seen how various geometries and environments have a significant effect 
on the development of damage, which causes overall failure in bonded composite scarf joints. For the 
conditions investigated in the experimental test program, significant insight has been provided into not 
only when and where critical damage initiation regions are located, but also the interactions of failure 
progression which lead to a loss in performance. This critical assessment of failure mechanisms has lead 
to the development of simple design guidelines which will aid in the critical analysis of bonded composite 
joints towards flight critical structures. These guidelines focus on critical areas where damage will initiate 
and progress, to provide joint design allowables which will not cause significant irreversible deformation, 
or minimise the effects of critical damage progression. The research presented within this thesis is 
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significant to the development of future bonded composite scarf joints, towards application in flight 
critical structures, in terms of both aircraft safety and structural efficiency. 
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Chapter 1. Introduction 
1.1 Background 
Within the aerospace industry “Advanced Composite Structures” have become an exponentially 
expanding area of interest. This revolution can be attributed to the aircraft manufacturing sector 
demanding better flight performance and overall efficiency due to increasing prices of fuel and the 
realization for corporate social responsibility. Thus, modern aircraft manufacturers have paid increasing 
attention towards more environmentally friendly and fuel efficient aircraft in a bid to help reduce 
aviation’s carbon footprint and improve operational costs [1].  
Advanced composites meet these market demands by offering high material performance with 
respect to weight, as well as offering tailored ply layup specific to structural needs, and the ability to form 
complex shapes [2]. However, disadvantages in currently applied composite materials present themselves 
by having low structural impact damage resistance. In-service structural damage is an imminent part in 
the life cycle of an aircraft as described extensively in literature [3]. The primary threat to the structural 
integrity of composite materials is accidental damage where approximately 80% of in service damage to 
composite aircraft structures is caused by impact strikes [4]. Critical impacts can incur hidden structural 
damage beneath the materials outer surfaces, which are often difficult to detect. This common in service 
occurrence is described as Barely Visible Impact Damage (BVID). To ensure that an aircraft meets its 
active life cycle determined during the design process, structural repairs are a critical issue that must be 
dealt with. Repairing composite components is emphasised further for primary aerospace structures as 
replacement is typically infeasible due to time and cost limitations. 
Two primary types of repairs to aircraft structures currently exist in practice, bonded and fastened 
repairs. Bonded repairs are the preferred choice on primary composite aircraft structures due to the 
benefits over bolted joints. Some advantages for bonding aerospace structures include the stress 
concentration of fastener holes being eliminated leading to higher efficiency joints, repairs can be readily 
formed into complex shapes, and has the ability to follow original contours for streamline purposes [5]. 
The bonded scarf repair is considered one of the highest forms of joint efficiency for aerospace structures. 
For example, a flawless scarf bonding repair of a 1.5mm thick carbon fibre reinforced bis-maleimide resin, 
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consisting of 10 plies, has the potential to recover up to 95% of its original laminate strength [6]. It is 
imperative that a bonded repair has the structural properties necessary to return an aircraft in service 
within operational specification of both overall strength and fatigue endurance, as any bondline 
deficiencies within the joint can be detrimental to aircraft safety [5]. Despite the advantages presented 
with bonded composite joint, the mechanical characteristics of bolted repairs are more widely known in 
the aerospace industry, thus fastened structural repairs are preferred. The uncertainties associated with the 
damage mechanisms and failure progression of bonded joints in the short and long term have largely 
attributed to the current challenges of certifying bonded repairs. This inability to fully understand bonded 
composite failure and thus allow certification of bonded repairs stems primarily from the complex nature 
of composite materials, particularly as an adhesive bond represents an intricate system of materials, 
treatments and processing steps [7, 8].  
Limited guidelines currently exist on bonded composite repair regulations. The Civil Aviation 
Safety Authority (CASA) and the Federal Aviation Administration (FAA) currently limits the size of a 
repair, to a primary aerospace component, such that in the absence of a repair the structure is required to 
sustain the Design Limit Load (DLL) under normal operation [9]. This current approach severely limits 
the size of bonded composite joints before less efficient fastened methods are applied. This shows that the 
current state of repairs on flight critical structures is still considered a specialist task and shows little 
consideration towards damage tolerance assessment of bonded joints. It has been described by literature 
that the aerospace industry currently needs reliable methods for the repair and maintenance of both 
primary and secondary aircraft structures [8]. To emphasize bonded composite joints concerns further, a 
report done by the United States Government Accountability Office [10] identified several important 
aviation safety issues currently faced in industry, which include: 
 Limited information on the behaviour of composite structures 
 Technical concerns on the behaviour of composite structures 
 Limited standardization of composite materials and repair techniques 
 Level of training and awareness on composite materials 
This current lack of knowledge for the rigorous design of adhesive bonded joints has limited their 
use, particularly for civilian aircraft and primary aerospace structures. 
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Limitations exist in standard Non-Destructive Evaluation (NDE) approaches, where techniques can 
only determine physical flaws in the bondline and not detect bond quality. Detection of physical damage 
in the bondline is also a difficult task due to the near proximity of the mating adherends. One issue which 
currently exists is the lack of a NDE method which is acceptable in defining “what is considered a well or 
poorly bonded composite joint”. Assessment of bond quality can only be achieved by destructive testing 
of components. Methods need to be available such that flawed or damaged repairs can be appropriately 
assessed, along with current and future NDE damage detection. Without a strong knowledge of bondline 
flaw tolerances or residual strength, critical damage initiation mechanisms and full progression to failure, 
certification of bonded composite joints will remain a difficult process. 
Design of the bonded composite repairs must consider the full temperature and humidity spectrum 
of environments that a structure will experience. The effect of environmental conditions is critical as the 
properties of adhesives and polymer matrix composites are highly susceptible to characteristic changes in 
elevated temperature and humidity, particularly in failure. Unlike metallic structures, bonded composite 
joint can easily absorb moisture, causing large inelastic deformation. Consequently the bondline will 
typically absorb moisture at a faster rate than equivalent metallic structures [11]. Conversely, as lower 
(sub-zero) temperatures are approached, polymeric materials become stiffened where low failure stresses 
are present. A significant issue that currently needs to be answered is whether a flawed or damaged 
composite bond can handle loading under typical operational conditions including room-temperature (RT), 
hot-wet (HW) and cold-dry (CD) environments, and whether the associated critical failure mechanisms 
can be identified. This can be difficult to answer due to the complexity of composite failure, which further 
makes the certification process of bonded composite repairs a difficult topic area. It is important to 
understand how the polymer properties influence the behaviour of the adhesive in bonded scarf joints 
under various environmental conditions. 
Numerical methods such as Finite Element (FE) modelling for structural analysis is gaining 
widespread popularity, with the use of failure techniques to characterise damage tolerance. Based on 
stress and energy criteria, FE simulation techniques can be used to predict both damage initiation and 
propagation in engineering structures, giving greater insight into what causes ultimate failure [12]. 
Modelling approaches such as fracture mechanics and continuum damage mechanics (CDM) are at the 
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forefront for damage assessment of scarf repairs, where the foundations of research on bonded scarf 
repairs have been presented previously [13-21]. Although these foundations have been presented, the 
physics associated with bonded composite joints is substantially difficult to model and presents several 
challenges including: 
 joint behaviour can be highly non-linear, particularly failure mechanisms 
 abrupt changes in material and geometry causes stress singularities 
 characterising environmental effects in the joint system is difficult 
 joint failure is typically catastrophic and is the cause of several damage mechanisms 
Currently trying to model impact damage on bonded composite joints is difficult and time 
consuming due to the complicated damage behaviour, where multiple, interacting, failure modes can be 
caused due to a foreign object strike. Thus, simple and controllable damage tolerant designs need to be 
constructed. These improved design and analysis approaches are required by industry to better address all 
present and future requirements for bonded composite joints, particularly towards damage tolerance and 
fatigue. With non-fully mature composite joint design rules, the safety and efficiency will largely depend 
on structural maintenance engineers and repair personnel experience [8]. Aircraft structures must be able 
to confidently withstand service loads and environmental conditions while containing damage that is 
either too small or difficult to be detected during inspections [4].  
From literature, a significant gap currently exists towards understanding the initiation, interaction 
and progression of all the major failure mechanisms in bonded composite scarf joints, particularly under 
the various environments and geometries representative on aerospace structures. This lack of 
understanding has ultimately lead towards the absence of fully mature bonded joint design guidelines, 
particularly for use on primary aerospace structures where damage tolerant approaches need to be 
considered. This thesis aims to bridge the gap between the science that describes the complex 
mechanisms that cause joint failure, and satisfactory design guidelines which meet current industry 
concerns. 
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1.2 Aim and Scope 
The primary aim of this thesis is to increase the current understanding of active failure mechanisms, 
which causes an overall performance loss in bonded composite scarf joints, such that more informative 
damage tolerant design guidelines can be applied to flight critical structures. The research consisted of 
debonding (or pre-flawing) specific lengths and locations of composite scarf joints as a simple form of 
damage assessment. Adverse effects of severe environmental conditions were also analysed, in 
conjunction with pre-flawing, as this has the potential to significantly change the failure characteristics of 
bonded polymeric materials. Note that within this thesis, damage tolerance is being defined based on the 
evaluation of residual joint strength following debonding or environmental exposure. The pre-flawing 
technique is considered a representative form of either impact damage or defected bondline due to poor 
manufacturing, where a repair example is shown in Figure 1-1.  
 
Figure 1-1: Pre-flawed joint example 
Although debonding will not consider the effects of matrix or fibre fracture due to impact, this 
damage analysis method is deemed satisfactory as the weakest part of a bonded structural assembly is 
considered the interface between sub-components, as described by impacted scarf joint samples in 
literature [22]. The advantage of purposely debonding scarf joints is that the applied damage state is a 
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controllable variable, which helps to simplify the design process. Understanding how either the adherend, 
adhesive or interfacial failure of bonded composite scarf joints behave, under varying environmental 
conditions, is critical knowledge to designing repaired flight critical structures. 
This thesis has applied the pre-flawing approach to cover an expansive experimental test program 
which is truly representative of typical aerospace applications, including changes in flaw size/location, 
scarf angle geometry, material layup, boundary and environmental conditions. Note that the program 
assessed static load cases only. The purpose of high temperature testing, on environmentally conditioned 
joints, is to simulate an aged component at “on the edge flight maneuvers”. While sub-zero testing on the 
other hand will be representative of high altitude subsonic cruising. The experimental program focused on 
not only the structural performance of the listed test conditions, but also a comprehensive post failure 
analysis to determine what mechanisms are contributing towards joint failure. An analysis directly 
comparing the multitude of geometrical and environmental variables mentioned above, on the damage 
tolerance performance of bonded composite scarf joints, is yet to be published in open literature. 
Validated numerical modelling FE approaches are discussed in detail and applied to simulate the 
complex failure behaviour of bonded composite scarf joints, which are difficult to experimentally 
highlight. A current state of the art FE modelling methodology has initially been applied, in conjunction 
with the experimental study, to determine the predictive capability of numerical approaches and provide 
an initial assessment into the performance of pre-flawed bonded composite scarf joints. This thesis then 
describes in detail a new numerical methodology that can predict the initiation, interaction and 
progression of several failure mechanisms (highlighted from experiments) which govern the performance 
of bonded composite scarf joints. The application of the numerical predictive tool presented within this 
thesis could be applied from two different perspectives, namely a design or assessment method. The first 
analysis approach would be to design new a bonded joint assuming that a flaw/disbond will be present. 
The second approach would be if a flaw/disbond was detected from non-destructive inspection (NDI), the 
numerical solver would be able to predict the performance as to whether further action is required. This 
new modelling approach, that considers the full extent of damage in composite scarf joints under various 
environments and geometries, will significantly enhance the current state of knowledge on what key 
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failure mechanism limit joint performance, from a damage tolerant perspective, and provide a powerful 
research tool to the aerospace industry.  
From the combination of the experimental and numerical research presented in this thesis, the 
overall goal is to take significant steps towards damage tolerant design guidelines which will advance the 
application of bonded composite scarf joints, in primary aerospace structures. The following section 
describes what this thesis has achieved. 
1.3 Research Objectives 
Understanding how stresses develop, damage initiates, and the interaction of failure mechanisms in 
bonded composite joints, under various environments and geometrical configurations, is crucial in the 
development of primary structure design guidelines. Developing suitable damage based assessment 
criteria for future numerical or analytical assessment is imperative to not only overall performance, but 
also design conservatism as modern aircraft materials are pushed closer and closer to the edge of their 
operational capability. From review of literature, several key research questions have been developed 
such that by answering them, a significant contribution can be made towards the field of bonded 
composite joints, and its application towards primary aerospace structures. These are described by the 
following: 
1) What is the structural performance of pristine and pre-flawed bonded composite scarf joints 
under RT, CD, HW and various geometrical conditions? 
 
2) What are the key factors that affect the predictive capability of numerical methods for 
analysing pre-flawed bonded composite scarf joints? 
 
3) What is required to develop a numerical methodology which captures all the major damage 
mechanisms of bonded composite scarf joints under RT, CD and HW conditions? 
 
4) How do the various damage mechanisms interact with each other to cause overall joint failure 
for pristine and pre-flawed bonded composite joints under each condition? 
From answering these research questions several significant outcomes have been determined 
towards the improved understanding of pre-flawed bonded composite scarf joints, under adverse 
environmental exposure. The experimental program looked at an expansive test array to highlight 
numerous damage tolerance performance trends that have not been observed previously in literature. 
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Several key failure mechanisms have also been identified which are consistently observed throughout the 
test program and have previously received little consideration in literature towards bonded joint design.  
A current state of the art progressive damage numerical methodology was tested against the 
experimental test program for an initial joint analysis. This study not only highlighted the predictive 
capabilities of the numerical approach, but also conducted several in-depth studies into overall joint 
performance which highlighted new insight into the effects of damage progression. From having a key 
understanding of the possible major damage mechanisms during experimentation, and the knowledge 
gained through the initial modelling analysis, a new computational methodology was developed which 
provided improvements in not only strength predictions, but also provided deeper insight into the 
initiation, interaction and progression of several key failure mechanisms, which has not been 
demonstrated in literature. 
From this new understanding of the critical failure mechanisms in bonded composite scarf joints, 
recommendations have been presented which provide new design guidelines towards the damage tolerant 
assessment, across multiple adverse environmental conditions. Typical scarf joint designs in aerospace 
practice are largely based around the bondline performance, and little attention is given towards 
composite failure mechanisms. This thesis has presented new considerations that should be aimed to 
future assessment of the bondline and composite adherends. By answering these research questions, 
substantial new pieces of information have been obtained which will aid in the future development of 
design guidelines towards bonded composite joints on primary aerospace structures.  
1.4 Thesis Outline 
Chapter one describes an introduction into the presented thesis and outlines the current gaps in 
literature. An in-depth literature review into the state of knowledge of bonded composite joints is 
presented in the second chapter, which includes both experimental and numerical work. The third chapter 
introduces the experimental methodology and with a series of test which evaluates the structural 
performance characteristics and discusses the observed failure mechanisms using advanced imaging 
techniques. Chapter four evaluates the scarf joint performance using current state of progressive damage 
modelling approaches, which is applied to the test program conducted in this thesis. The fifth chapter 
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describes the development and application of a new numerical methodology for assessing bonded 
composite scarf joints, which incorporates the observed mechanisms from experimentation and discusses 
the requirements for accurate strength predictions and critical failure mechanisms for RT specimens. 
Chapter six takes the newly developed methodology and applies it to test cases under CD and HW 
environmental conditions to characterise the effects of environment on performance with 
recommendations towards future guidelines being described where a significant outcome for industrial 
applications can be made. Finally, chapter seven discusses and concludes all the key points determined 
throughout this thesis with a final summary made.  
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Chapter 2. Literature Review 
2.1 Aerospace Composites 
The use of high performance fibre reinforced polymer matrix composite materials has experienced 
widespread growth in the aerospace industry for several decades largely due to their high relative stiffness 
and low weight compared to classic aerospace metallic materials [23]. Issues like, the high cost of 
certification, have limited the progression of these materials to a certain. In several cases, metals are still 
the preferred material choice for aerospace structures. With increasing development on composite 
structures the advantages which metallic structures poses begin to fade [24]. Composite materials are 
formed in-situ with fabrication of a composite structure. Their properties are strongly dependent on the 
processing technology, and of course the parameters used [25]. Three general components exist which 
includes the matrix, the fibres and the interfacing bond between the matrix and fibre. The fibres carry a 
substantial percentage of the applied load while the matrix aligns, protects and stabilizing the fibres [26]. 
An example of the composition is provided in Figure 2-1. 
 
Figure 2-1: Composite makeup [27] 
Due to fibre reinforced composite materials being a micro structure of its own, where several fibre 
strands are bound together via a polymer matrix, the mechanical properties will be dependent on the 
composition. For example, a weak fibre matrix interface can lead to higher fracture resistance but lower 
stiffness, where a strong interface can provide the opposite case. The fibre volume resin fraction is also 
another feature governing the fundamental mechanical properties. Due to the complex failure behaviour 
of composite materials it is difficult to develop a robust failure criterion which incorporates all possible 
failure mechanisms with high detail, thus assumptions must be made.  
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Currently there is a wide array of composite material combinations available to the aerospace 
industry, however carbon fibre reinforced epoxy materials is the most commonly used approach [24]. In 
comparison to ductile metallic structures (such as aluminum), carbon epoxy composite materials are 
much more brittle, thus will show little surface damage before failure of the component. This feature 
allows for sub surface delamination or matrix degradation to propagate throughout the structure well 
before detection [28]. Several types of damage to aerospace structures have been identified which include 
cuts/scratches from mishandling, delamination/disbonding from impact damage, and even penetration 
from battle damage [29]. Nature can also play a role in affecting the structure with hail, moisture 
absorption, bird strikes and stone impacts during on takeoff potentially causing detrimental damage. 
Typically, composite structures are very conservatively designed due to its inherent complexities where a 
Factor of Safety (FoS) of up 3 can be used. However, for metallic structures a standard FoS is generally 
around 1.5, showing to be much less conservative by comparison [28]. Despite composites being limited 
in use, as time proceeds the use of said materials in primary aircraft structures steadily increases, which 
can be seen in Figure 2-2. 
 
Figure 2-2: The growth of composite structure on major aircraft programs as a percentage of weight [28] 
As composite structures become more prominent in design of modern aircraft, damage concerns 
also present themselves as approximately 80% of in service damage is related to impact strikes [4]. Due 
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to these damage concerns, the drive towards repair techniques becomes increasingly sought after as 
replacement of major structural components is highly inefficient in both time and costs [30]. Structural 
replacement is particularly difficult and infeasible for large integrated components, hence leaving repair 
as the only practical option. 
2.2 Structural Repairs 
Aircraft structures require regular inspections defined by aircraft manufactures and airworthiness 
authorities. Continuing airworthiness on aircraft structures depends on several factors which can include 
impact damage, delamination, debonding, fatigue induced damage, environmental degradation and 
manufacturing defects. In the presence of damage to composite structures, the preferred action is to now 
repair the region of interest [8]. A way to look at a repair is considering it as a modified structure. 
Modifying a structure requires some level of detailed analysis, where performance prediction methods 
can be difficult due to the inherent complexity of joining systems undergoing failure. It is essential to 
retain original loading conditions as it can cause damage to other parts of aircraft structure [30]. A typical 
repair to an aircraft structure will be based on not only the extent of the damage, but some other notable 
key criteria. These can include structure thickness, strength and stability, weight and balance, stiffness, 
aerodynamic contours, environmental conditions and operational temperatures [31]. It is vital that aircraft 
structures not only retain its structural integrity under load, but will not cause the residual strength to fall 
below DLL [14]. A key requirement in the repair of composite structures is to demonstrate an acceptably 
low probability of patch disbonding during the remaining life of the structure. Typically, two types of 
certifiable repairs present themselves in aerospace practice. These include bolted and fastened repairs. 
Thermal composite welding and additive manufacturing are other types of joining techniques, however 
are at a lower technology readiness state and currently not applied to primary load bearing structures. 
2.2.1 Fastened Repair 
Bolted type joints is an approach that is well established in the aerospace industry. This repair can 
easily be inspected or disassembled without imposing additional damage to the existing structure. 
However, stress concentration in the repair at the mechanically fastened locations is an inherent, thus this 
approach has limited mechanical restoration strength capabilities. The use of bolted repairs on composite 
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structures is somewhat limited as large variation in stress concentrations can occur due to the nature of a 
laminate layup. In addition, mechanically fastened joints are generally not acceptable in repairs towards 
thin laminates and sandwich structures. This is attributed to the stress concentration exhibited from 
individual mechanical fasteners [8]. A full list of the advantages and disadvantages is listed below in 
Table 2-1 [32]. 
Table 2-1: Advantages and disadvantages of bolted repairs to aerospace structures 
Advantages Disadvantages 
No special surface preparation Drilled holes weaken structure 
Less effect temperature and humidity Stress-raisers due to bearing stresses 
No unusual inspection problems Generally, not as strong as bonded joints 
Disassembled more easily Increased weight of structure 
 
Honeycomb selection driven by fastener 
size 
 
Smooth surface not always possible 
 
Stress concentrations highly affect 
composite structures 
2.2.2 Bonded Repair 
Bonded repairs to composite structures have many advantages over the traditional mechanically 
fastened approach, and are gaining wide use in the aerospace industry [2]. Use of bonded joints gives 
lower stress concentrations and weight penalties than mechanically fastened repairs. They cannot be 
disassembled or inspected, and as such good surface preparation before adhering components is essential 
[2]. As the process of adhesion is fundamental to the manufacture of composite laminate, an adhesive 
repair makes for the logical choice of repair to achieve an effective stress transfer mechanism. Typical in 
situ bonded repairs on composite aircraft structures will occur with the use of vacuum bagging to ensure 
good compaction, coupled with a heat blanket for curing. Adhesion is an inter-atomic and inter-molecular 
interaction phenomenon at the interface of bonding surfaces. In theory, bonded joints should be designed 
in such a way that adhesives can sustain greater loads to which the parent material can handle. However, 
this is not always the case. Failure of the adhesive can occur for a variety of reasons. These include 
inconsistent processing methods, process conditions, deficient design, poor material selection, 
environmental conditions and in service damage. A current gap in literature is that there is no unified 
theory which describes all the parameter associated with adhesive bonding. The fundamental failure 
mechanisms that govern failure in bonded composite joints are not fully understood and is still under 
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considerable global research [8]. A full list of the advantages and disadvantages of bonded repairs to 
aerospace structure is listed below in Table 2-1 [32].  
Table 2-2: Advantages and disadvantages of bonded repairs to aerospace structures 
Advantages Disadvantages 
Distribution of load over larger area, reducing 
average stress and stress concentrations 
Inspection more difficult 
Machining part can be avoided Out of plane loads need to be avoided 
High structural efficiency Perfect fit needed between adherends 
Minimizes added weight Disassembly is difficult 
Good elevated temperature creep resistance 
if correct adhesive is chosen 
Repair is difficult 
Smooth surface design possible 
Thermal cycling and humidity can change 
joint strength 
Integrally sealed joint with low sensitivity to 
crack propagation 
Special surface preparation needed 
Large joint areas often cheaper 
 
Enables joint of dissimilar materials prone to 
galvanic corrosion  
Joining of surfaces without direct contact 
 
Easy integration into automated production 
processes  
Very corrosive resistant 
 
Can have good fatigue properties 
 
High vibration damping 
 
Low-heat joining process 
 
 
Generally, it is considered that good adhesion can only take place when sufficiently intimate 
contact with the adhesive and adherends is present. This intimacy is necessary to enable the development 
of an acceptable chemical or physical bond. Some noted factors which will govern the bond quality 
include surface roughness, pre-bond preparation, applied pressure and curing environment. A sufficiently 
liquid like adhesive is needed to sink into the surface roughness, thus wetting the entire surface to achieve 
the required level of intimate contact [33]. The durability of an adhesive bond is not solely a function of 
the adhesive type, but also depends critically on the other components within the repair system; such as 
the type of adherends, and any interfacial layers between the adherends [34]. A current limitation in 
industry is that the bond quality cannot be evaluated using any existing NDI technology, although 
physical flaws within repairs can be successfully detected. While alternative approaches are being 
   RMIT University, Australia 
18 
 
considered to address this challenge [33], there is a current need for improved design methodology and 
damage tolerance analysis of the repair under service conditions is needed to satisfy all the requirements.  
Currently the major known types of failure of bonded composite joints can  be broken up into 
several sub-cases, and an overview of their corresponding descriptions can be described as follows in 
Figure 2-3 where a full description can be found in ASTM D5573 [35]. Interlaminar delamination is 
presented when a failure path exists between individual composites plies. Adhesive failure occurs at the 
adhesion interface between the adherend and adhesive surface and is a sign of poor bonding. Cohesive 
failure will be present when the interface between the adhesive and adherend is stronger than the adhesive 
itself. Finally, composite section failure will result when an effective joining system is in place. 
 
Figure 2-3: Characterised failure mechanisms in bonded composite joints [36] 
Several types of bonded composite joints currently exist in aerospace practice. The type of joint is 
determined based on the application which include loading aspects, geometrical aspects, environmental 
conditions, and the importance of the joint location. A strong deciding factor for joint importance would 
be whether the repair is being applied to primary, secondary or non-load bearing structures. For example, 
patch repairs are suitable for thin laminate section repairs on non-critical structures [8]. Examples of 
bonded joint types are presented below in Figure 2-4. This figure compares the performance of different 
bonded composite joints in terms of their ultimate strength versus adherend thickness. 
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Figure 2-4: Structural performance of different joint configurations [2] 
For highly loaded primary structures, scarf joint is required as they provide greater performance 
over other typical bonding methods [16, 37]. Scarf patches are tapered at the smallest angle possible to 
minimise peel stress on the adhesive joint, and hence can require a large amount of unharmed material to 
be removed [28]. It is widely accepted that the most effective scarf approach is when the repair patch has 
an identical ply by ply layup to that of the parent structure where the stiffness ratio of the patch laminate 
to parent laminate is equal to 1. With stiffness ratio values greater than 1 larger shear stresses are 
developed within the repair [31]. Although scarf joints provide high joint efficiency, it is still currently 
unknown in open literature what are the critical damage initiation and progression mechanisms that cause 
ultimate failure. 
2.2.3 Scarf Repair Process 
Once damage has been characterised by visual inspection or NDE, the adversely affected material 
will be directly removed in a tapered fashion, where the surface paint will also be removed into the 
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surrounding area. Currently, composite repairs typically fall under a manual repair process where hand 
tools are required. Due to the labor intensive process involved human errors can strike at any stage of the 
repair, therefore extreme care must be taken [38]. Figure 2-5 depicts the damage removal process of a 
manual scarf repair.  
 
Figure 2-5: Manual scarfing by angular grinding [38] 
Once the material is removed from the parent structure a patch needs to be bonded to fill the void. 
In general, two approaches can be applied. The fist can be accomplished by applying an adhesive layer 
and wet composite plies to the scarfed structure and co-curing the entire system directly. The second 
approach is separately curing a laminate, designated the patch, and scarfing to the dimensions of filling 
the parent structure, creating a hard patch. Once the desired shape is made, an adhesive layer is placed 
down on the parent structure and the hard patch is applied for secondary bonding. With either approach 
used, once all the components are in place, standard bagging procedures are applied over the repair to 
create a vacuum and hence a positive pressure is applied to the repair. To aid in curing, a portable heat 
blanket is applied also during the bagging process for elevated temperature cures. Once cured, all the 
bagging can be removed where the new patch is permanently bonded to the original structure. Due to the 
limitations of using a vacuum bagging setup, coupled with lower curing temperatures in comparison to 
that of an autoclave, the repair patch properties will generally fall short to that of the parent laminate [39]. 
Repair to existing aircraft structures ideally would be cured within an autoclave due to the high pressures 
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involved which help in reducing the formation of voids. However, if the repaired component is not 
removable or too big to fit in an autoclave, then vacuum bagging with heat blanketing is the viable option. 
2.2.4 Scarf Joint Overview 
Scarf joints are over simplified representations of a scarf repair. Initially, it was assumed that this 
scarf joining approach would provide a repair that has uniform stresses distributed across the adhesive 
layer, and help retain maximum repair strength. For an isotropic material scarf repair it has been proven 
that the stresses in the adhesive layer is relatively constant, excluding free edges. However, this is far 
from actual behaviour of bondline stresses in composite scarf joints. Significant stress concentrations 
have been found to be present in scarf joints where significant stress concentrations coincide with the 
ends of 0 plies. The magnitude of these stress concentrations is dependent on not only the stacking 
sequence used but also the number of plies used and adhesive material properties. This can be attributed 
to the stiffness inequality between the adhesive and adherend. For brittle adhesives the joint strength is 
assumed to be dictated by the maximum adhesive stress, whereas ductile adhesive failure is expected to 
be limited by the maximum shear strain [40]. Currently, for an isotropic material the average peel and 
shear stress in the scarf adhesive dictates bond strength. For a composite repair this assumption can lead 
to an over-estimated joint strength leading to premature failure [40]. Therefore, more detailed analysis of 
the scarf repair is crucial for confidence in the residual strength, particularly if used on primary aerospace 
structures. However, minimal considerations are currently given to damage tolerant designs of scarf 
repairs where present approaches are based on that of “pristine” repairs and not with the inclusion of 
flaws [40-42]. This is a significant gap that exists in literature and the design of bonded composite joints. 
If joint designs do not consider flaws being present in a damage tolerant approach, over-predicted repair 
strength can have catastrophic results.  
Depending on the damage size a relatively larger amount of surface area must be removed due to 
the scarfing procedure, which is reliant on the scarf angle design needs. Typically 3 is a common repair 
technique parameter which allows for a good tradeoff between strength retention and minimal area 
removal [22]. To understand the most basic damage phenomena associated with a scarf repair an example 
of the link between a scarf repair and a scarf joint is shown in Figure 2-6. When a scarf joint 
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representation is constructed it is done so to coincide with the loading direction of the full scarf repair. 
This feature is important as the scarf joint material orientations will be aligned along the primary loading 
vector. By simplifying the repair to a 2-dimensional joint, critical mechanisms can be more easily 
understood, as well as constructing damage tolerant design methodologies. 
 
Figure 2-6: Simplification of composite scarf repair [22] 
2.3 Environmental Consideration on Bonded Composite Joints 
Bonded joints to aerospace structures must possess mechanical durability for when they may be 
exposed to temperatures as high as 104°C during high performance maneuvers, and -55°C for high 
altitude cruising [43]. Although there are currently several analysis techniques, whether stress or energy 
based, for assessing the performance of bonded composite repairs, it is important that environmental 
effects be considered, regardless of the type of analysis or assessment used [43]. Upper service 
temperature conditions applied to bonded composites can cause large non-linear deformation of the 
adhesive layer under load, whilst moisture can work its way into composite adherends, adhesive layers 
and bonding interfaces adversely affecting mechanical performance [44]. Although the scarf repair 
technique is considered one of the highest performers over all substrate bonding methods for thick 
aerospace structures [2], the repair system can still be largely adversely effected by severe test conditions 
[45]. Design allowables need to then be considered for the most critical environments, typically hot-wet 
and cold-dry. Ideally, the lowest strength failure mode should be section failure of one of the adherends, 
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however this can be difficult to achieve, particularly for hot-wet cases. Thus, designing repairs for 
environmental conditions in primary aerospace structures is particularly challenging [46]. 
2.3.1 Characteristics of Moisture on Polymers 
It is a well-known fact that polymeric materials absorb moisture when exposed to humid or wet 
environments. As composite aerospace components exposed to the environment will be subjected to 
moisture absorption and desorption, known as non-mechanical fatigue, it is essential that the materials 
strongly satisfy the required hot-wet mechanical properties necessary for long term usage. The sensitivity 
of the phenomenon on composite materials is much more pronounced to that of the environmental effects 
on conventional alloys, showing the importance of nature on modern aerospace structures. Conditioning 
of large test samples also becomes problematic where longer conditioning times are required to meet 
required saturation levels, where effects are typically drawn from smaller test specimens [47, 48]. 
Therefore temperature is a problematic aspects affecting the behaviour of polymer composite materials 
[25]. 
In the work by Zhou et al [49, 50] it was described that water molecules absorbed into epoxy resins 
are classified by two types; type I ‘free’ water and type II ‘bound’ water. Type I free water disrupts the 
initial interchain Van der Waals forces and hydrogen bonds resulting in increased chain segment mobility. 
On the other hand, type II bound water forms hydrogen bonds with the polymer network. Therefore, type 
I free water acts as a plasticizer and decreases the glass transition temperature, Tg, while type II bound 
water acts as a secondary crosslinked network and can increase Tg. The level of type II bound water only 
increases significantly when the samples were stored for very long times at elevated temperatures in the 
hot/wet environments. It was noted that for epoxies, the water from hot-wet environments is typically 
absorbed as free water. It is possible that type II bound water is also introduced into resin systems during 
the manufacturing process. As type I free water acts to plasticise the adhesive, this absorbed moisture can 
also swell the polymer, leading to chemical compaction of the material. This can introduce internal 
localised forces that may also contribute in reducing the mechanical properties. Typically, the presence of 
moisture at an adhesive-adherend interface would cause the work of adhesion to become negative and 
displace the adhesive bond [51, 52], or also introduce residual stress components at the interface resulting 
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in interfacial failure [53-55]. Small amounts of moisture, less than 1%, can drastically reduce the fracture 
toughness of some adhesive joint systems [56, 57]. Other systems can actually experience a slight 
increase in fracture toughness that some attribute to extra energy being absorbed due to plasticisation of 
the adhesive [58, 59], where it has been shown that film adhesive are relatively unaffected by small 
amounts of moisture [56, 60, 61]. Although film adhesives show greater resilience to low levels of 
moisture, long term exposure to environments can drastically effects fracture toughness properties [43]. 
Unless an impermeable coating can encase the exposed composite surfaces, moisture will eventually 
work its way into the polymer material. This is of course dependent on the environment severity. An 
example of the effect on Tg is captured in Figure 2-7 for a fibre reinforced epoxy system immersed in 
distilled water at various temperatures for prolonged periods [48]. 
 
Figure 2-7: Glass transition temperature for an epoxy resin as a function of temperature [62] 
To account for adverse mechanism changes in bonded composite joints, the primer and adhesive 
supplier used on the Primary Adhesively Bonded Structure Technology (PABST) program, began 
promoting the idea that we should be restricting the peak strains in adhesive joints, by appropriate designs, 
so that the adhesive was not loaded beyond the end of the linear elastic behaviour (knee point) of the 
stress-strain curve by any design limit load [63, 64]. This approach would be typical in the current design 
of bonded composite repairs to aerospace structures and does not give insight into the potential damage 
progression mechanisms and is essentially a conservative limitation.  
A review by (Weitsman, Y. 1991) describes that the topic of effects of moisture absorption into 
polymer composite materials has been studied for quite some time. These studies include a wide variety 
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of reinforcement and resin materials which lead to a wide collection of results. However, there are several 
highlights mentioned across this plethora of information which included [65]: 
 The moisture saturation level, if any exists, depends on mostly the ambient relative humidity 
 Moisture diffusivity is highly sensitive to temperature 
 Moisture enhances creep under external loads 
 Moisture induces swelling strains. In the presence of geometric constraints, those strains lead to 
internal stresses 
 Moisture lowers the glass transition temperature of polymeric resins and their composites. This 
effect may impose severe restrictions on the use of specific composites in hot-wet environments 
 Moisture causes degradation of mechanical properties, especially in shear and compression 
The details of these observations will vary from individual material systems and experiments 
quantitatively. Many instances show researchers accelerating the diffusion process by conditioning 
samples at elevated temperatures. These results should be taken with greater caution than natural aging as 
not only the diffusion coefficient is affected, but creep within the resin is also increased and can alter the 
residual thermal stresses in the composite system. However, it should be noted that moisture acts as both 
a stress inducer and stress reducer agent. The increase in internal stresses is produced by swelling against 
other geometric constraints. Moisture also aids in softening the material by accelerating stress relaxation. 
This will ultimately see that any acceleration of moisture diffusion due to temperature variation will 
possibly obscure the environmental response of composites under actual operating conditions.  
In certain circumstances, weight gain data may not match up against predictions of classical 
diffusion for certain humidity and temperatures. The classical one-dimensional diffusion process is; a) is 
linear while concentration and history dependent, b) clearly defined saturation level attained, c) temporal 
dependence enters through a non-dimensional time,    
      
  
⁄  where Ddiff is the materials diffusivity, 
t is time and L specifies a characteristic length, and d) when plotted against √ , the total moisture gain M 
is linear up to approximately 62% of the total saturation [65]. A typical example of a moisture diffusion 
response for a carbon/epoxy laminate is presented below in Figure 2-8. 
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Figure 2-8: Total weight gain versus a) time, and b) square root of time [66] 
Encountered situations which vary from the ideal Fickian approach are described as [65]: 
 Saturation may not be attained. Some materials may gain weight on a continual basis or restart 
the weight gaining process after an apparent pause 
 The process may be concentration dependent. This feature is most readily noticed when weight 
loss data do not retrace weight gain measurements 
 The process may exhibit history dependence. This aspect is detectable when weight gain under 
absorption-desorption is recorded over several cycles of wetting and drying and values diverge 
from one cycle to the next 
The greatest significance of aging is on the change in ultimate transverse tensile deformation (ε2) of 
a unidirectional composite. The low strength value results in matrix cracking. After accelerated aging 
(long-term moisture conditioning at temperature 70°C), a 0.75% moisture content in carbon epoxy 
composites can show an approximate 20% reduction of ε2, and a 1.15% moisture content resulted in about 
a 45% reduction [25]. Long term environmental effects on composite decomposition have been shown on 
polyester and vinyl ester based carbon composites by (Kootsookos, A. and A.P. Mouritz 2004). It is 
described that irreversible effects on the polymer matrix system can be seen in certain materials after 
prolonged exposure to moisture. This is strongly dependent on the stability of the matrix system in 
question. As shown in Figure 2-9, polyester based materials experience a chemical breakdown of the 
polymer structure after a short amount of exposure time.  
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Figure 2-9: Effect of degree of resin cure on the water uptake curves for: (a) carbon/polyester; (b) carbon/vinyl ester 
composites [67] 
Once this breakdown commences the samples in question begin to lose weight as the structure 
cannot physically absorb more moisture and degrades. Some chemical degradation occurred in the vinyl 
ester-based composite, albeit to a much lesser extent than for polyester counterpart. Based on these curves, 
large chemical breakdown of the matrix structure is not commencing until the moisture absorption slope 
becomes negative; that is with increasing time weight is lost. If this is the case then the effects of moisture 
absorption, up to the point of maximum moisture uptake, are largely reversible [67]. It is shown typical 
moisture diffusion curves for epoxy based materials with various hardeners. As it shows the material 
appears quite stable with no obvious breakdown up until three years conditioning. Therefore, when 
degradation of material properties due to conditioning is discussed, caution needs to be taken as to 
whether the degradation of the material properties are simply due to moisture uptake, or whether 
permanent degradation is apparent due to the breakdown of the polymeric structure [67]. Understanding 
how moisture is absorbed into materials is one case, however understanding the effect of this 
phenomenon on the mechanisms of bonded composite is most critical.  
2.3.2 Effects of Environment on Polymer Properties 
Both polymer based composites and adhesives general mechanical properties are effected by 
environmental conditions. An example of the tensile strength, for a carbon epoxy laminate, with a ±45° 
layup is shown below in Figure 2-10. The usefulness of analysing a ±45° helps to emphasise the effects of 
the polymer matrix degradation as carbon fibres are non-sensitive to similar operating conditions. What 
can be observed is that the combination of both moisture ingress and elevated operating temperatures can 
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severely affect the ultimate strength properties, particularly as the glass transition temperature is being 
approached. 
 
Figure 2-10: Effect of temperature and moisture of the tensile strength (±45° AS4/3501-6) [24] 
A typical example of the adhesive layer response under various temperatures and humidity levels 
has been presented in Figure 2-11. The response shows that for low temperatures the polymer material is 
at its stiffest state, where increasing the temperature incrementally brings down the initial material 
stiffness. This response is also true for the adhesives yield point. Strain and the level of inelastic 
deformation on the other hand has the inverse effect, whereas the temperature and humidity increasers, so 
does the strain to failure and level of induced plasticity. The response presented in Figure 2-11 is 
relatively common and can be readily found in text books. 
 
Figure 2-11: Effect of Temperature on Stress-Strain Curves for Adhesive Layers in Shear [63] 
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As the effects of temperature and humidity moves on from simple stiffness and plasticity properties 
to fracture based characterisation, the analysis starts to become quite difficult. A detailed explanation is 
now presented for both polymeric matrix and adhesive values. 
2.3.3 Polymer Composite Fracture Properties 
To date there is quite a foundation of work which has been conducted with regards to the polymer 
fracture toughness of composite materials versus temperature and humidity. It can be quite difficult to 
quantify literature as a whole as a combination of different materials, manufacturing processes, test 
processes and data manipulation tends to be used throughout. However, in light of this, general trends can 
still be observed and general conclusions can be made on the effects of environment on polymer fracture 
toughness values. Several of the reviewed cases considered epoxy based matrix composites, which is in 
line with material systems used in this thesis. 
 Delamination is still considered a major critical failure mechanism in modern composites and to 
fully understand delamination behaviour in composite laminates, environmental effects on fracture 
toughness need to be considered. A thorough literature survey has been presented by Davidson et al [68] 
on the effect of temperature and humidity with regards to fracture toughness and will be provided 
henceforth. Note that the temperature range of interest, and in relation to this thesis, is from -55°C to 
+100°C for epoxy based polymer systems.  
As of current, generic trends have begun to emerge for mode I loading conditions, mode II cases 
still show some level of variation in behaviour including the underlying mechanisms, and relatively little 
mixed-mode work has been achieved. For example, it has generally been found for polymer carbon 
composites the mode I delamination toughness increases with temperature to 100°C from standard 
atmospheric (RT) conditions. This is true for both fracture initiation and propagation values. When 
cryogenic conditions are approached from RT there is also an increase in fracture toughness, however 
modest in comparison to HW fracture toughness improvements. [69-78]. Increases in matrix ductility and 
fibre bridging have been cited as the cause towards increased mode I fracture toughness with increased 
temperature [70]. As cryogenic conditions are met, the material becomes more brittle and hence the 
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apparent hardness begins to increase. Cases where different behaviours have been observed are limited in 
number and limited to non-pre-cracked fracture toughness values. 
Similar to the above literature, a trend currently exists where increased levels of moisture will also 
improve the mode I fracture toughness, where a few discrepancies also exist. Both initiation and 
propagation GIC values are most commonly observed to increase due to matrix plasticization or an 
increase in fibre bridging [70, 75, 78-81]. There are three cases which have been reported where no effect 
of moisture was observed on the initiation GIC [79, 81, 82], and there is one case where propagation 
values are reported to decrease with increasing moisture content [82].  
Like the mode I case, several studies on the effects of temperature and moisture towards the mode 
II delamination toughness (GIIC) has also been carried out in literature with relatively consistent findings. 
Although, there still appears to be an issue with identifying the underlying mechanisms at work. From 
ambient conditions GIIC has most commonly been observed to decrease with both increasing temperature 
and increasing moisture content [70, 71, 75, 78, 79, 81, 83-86]. Micrographic images of the crack front 
using SEM tend to show an increase in matrix ductility due to the increase in both temperature and 
humidity where the most common result is degradation of the fibre/matrix bonding. In some cases, this 
deduction has been determined based on the increased amount of clean exposed fibres observed in the 
elevated temperature or moisture condition. However, some cases describe that fibre/matrix debonding 
may be the cause of fracture toughness reduction. Changes in matrix properties have also been cited as a 
potential contributory factor [86]. Different trends to those described are limited in numbers which 
describe either no effect or slight increases in fracture toughness with temperature which was attributed to 
increasing matrix ductility [72, 87]. Some cases even saw initial small increases in mode II fracture 
toughness with increasing levels of absorbed moisture, while increasing the content further saw a 
decrease in GIIC [84, 85]. Some other cases saw no effects reported with increasing levels of moisture [79, 
81]. A comprehensive example of a carbon/epoxy laminate mode I and II critical fracture toughness 
values, with respect to varying levels of temperature and moisture has been presented in Figure 2-12.  
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Figure 2-12: Carbon/Epoxy DCB and ENF test results fracture toughness with respect to temperature and humidity [70] 
2.3.4 Polymer Adhesive Fracture Properties 
It is important to understand that the fracture toughness of the bulk adhesive will differ to that of an 
adhesive layer in a bonded joint. The key feature that drives this difference is that as the adhesive is 
bound between to relatively high stiffness materials, the development of the plastic zone tends to extend 
further beyond the crack tip. A graphical description is presented below in Figure 2-13. The value of the 
mode I critical fracture toughness is said to be at a maximum when the bond thickness is equal to the 
plastic zone diameter (    ) normal to the crack plane. Because of this relationship between adhesive 
thickness and bondline fracture toughness, it is important to characterise the properties in joint form, 
particularly with regards to varying temperature which is known to have an effect on adhesive plasticity 
levels [88].  
Unlike the interlaminar fracture toughness survey, the pre-existing literature on the effects of the 
environment on secondary bonded adhesives is quite limited. The most common case which has been 
examined is the effect of mode I fracture toughness on the adhesive with respect to varying temperature. 
[88-94]. In general, as the temperature increases up to 100°C there appears to be no real significant 
change in the toughness properties.  
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Some cases describe that there is a slight increase in mode I toughness (less than 10%) with 
increasing temperature up to 100°C from ambient RT conditions. This has been reasoned by the 
temperature rise gives increased ductility, thus allowing additional plastic deformation at the crack tip, 
despite the adhesive strength tending to reduce [89, 90], both of which used epoxy based adhesives. Other 
cases described a marginal decrease in the GIC with increasing levels of temperature [91, 92] only one 
case considered an epoxy based adhesive. And finally the remaining studies show no change in the 
average toughness with higher temperature, although can show larger scatter in the results [88, 94]. Once 
again, only one of the cases considered an epoxy adhesive. In the aforementioned cases epoxy based 
adhesives saw both marginal increases and decreases in fracture toughness comparing room temperature 
to elevated temperature testing. 
 
Figure 2-13: Example schematic comparing the relationship between adhesive thickness and fracture toughness [88] 
Like that of the previous cases, as the temperature decreases from ambient conditions to cryogenic 
(-55°C) levels, there appears to be slightly more significant changes in GIC [88, 91, 93, 94]. The only case 
which saw a marginal increase with the mode I fracture toughness comparing RT to cryogenic tested 
conditions used a Polyurethane based adhesive [94]. One of the cases considers a cryogenic state at -
150°C, which sees larger decreases in GIC [93]. All other cases which used epoxy based adhesives tended 
to show marginal decreases (10 – 20 %) in mode I fracture toughness with reduced levels of temperature 
[88, 91].  
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From the surveyed literature the only case to consider the effect of mode II fracture toughness vs 
temperature is the work by Banea et al [95], which only considers the use of steel substrates. Results 
describe that for the epoxy adhesive, there was an approximate 20% increase in GIIC from RT to 100°C. It 
is even described in literature that only limited data is available relative to the effect of the temperature on 
the fracture toughness for pure Mode II. To the authors knowledge, no previous work could be found on 
the mode II adhesive fracture toughness under cryogenic conditions. From these outcomes it is difficult to 
determine trends on the GIIC behaviour. 
In general, there appears to be no significant change in adhesive fracture toughness with respect to 
temperature changes, under mode I loading conditions. For mode II fracture values, there is insufficient 
data in order to be able to determine if trends exist with respect to varying temperature. It is important to 
understand that characterising the toughness properties under such conditions, with the inclusion of an 
adhesive layer, can be a difficult task. How these properties change will depend on the chosen materials, 
specimen preparation, adequacy of testing conditions, adequacy of testing processes and also what 
method was used to determine the critical fracture energy. The last point requires the analysis to consider 
inelastic deformation of the adhesive layer, particularly at the temperature continues to rise from ambient 
conditions. 
Finally, from literature a series of work considers the effects of mode I and II fracture toughness of 
adhesives bonded with composite substrates, under varying levels of moisture [56, 96, 97]. Unlike 
conventional methods of pre-saturating the sample then undergoing testing, an approach of 
preconditioning the composite substrates was undertaken, to which the composite specimens were then 
bonded together, where the absorbed moisture during cure would transfer into the adhesive. This process 
is a simple representation of a bonded composite repair where the substrate to be bonded would typically 
be preconditioned. Typically, the experimental results observed describe that as the levels of absorbed 
moisture increase, so does the reduction in both Mode I and II fracture toughness values. The only work 
to consider both failure modes has been presented by Mohan et al [96]. An example of the epoxy FM300-
2 film adhesive fracture properties vs moisture content is presented below in Figure 2-14. 
Budhe [97] has presented on the effects of moisture and temperature on fracture toughness , 
however only considered GIC. What was found is that from RT to 80°C HW conditions, the fracture 
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toughness reduces considerably with increasing levels of moisture. For higher test temperatures (120° C), 
fracture of specimens tended to occur in the bonded composite substrate, therefore the results have not 
been considered in this literature review. What can be observed from the effects of moisture and 
temperature on the adhesive fracture toughness is that that as moisture levels increase, there is marginal to 
moderate loss in both Mode I and II fracture toughness values. As the combination of both temperature 
and humidity is used there is a considerable loss in GIC. Further literature is yet to consider the effects of 
moisture and temperature on GIIC. 
 
Figure 2-14: Effects of moisture on FM300-2M film adhesive [96] 
As of current, there is no standard approach to which describes fracture toughness properties of 
adhesive under various temperature and moisture levels. It also appears the consideration of both 
temperature and humidity is a difficult topic to find for adhesive based fracture values. 
2.3.5 Environmental Effects on Bonded Composite Repairs 
For the hot-wet and cold dry environments, it is usually found that the upper service temperature 
limit sets the design overlap because then the adhesive is at its softest and weakest, while the lowest 
temperature establishes the limiting joint strength because that is the condition of least strain energy [98]. 
For several tested environments, including as received, hot wet, hot dry and cold dry, the hot wet 
condition provided the most severely affected case. Pre-conditioning of samples for high temperature 
testing is also necessary as surveyed airports around the world have the potential to experience a 
maximum 70°C, 90% relative humidity. Typical long term isothermal exposure to a humid environment 
for the C-141 and F-22 ranges up to anywhere from 5,000 to 10,000 hours, which were based upon the 
types of environments experienced by or projected for bonded systems [43]. These long conditioning 
times just show how difficult it is to obtain results and the levels of planning involved to attain successful 
experiments. 
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Calculated shear stress distribution for highly strained bonded scarf repairs are significantly more 
uniform when hot-wet adhesive properties were used than for the room-temperature adhesive properties 
[99]. For ductile adhesives, the strength of scarf joints is said to be limited by the maximum shear strain 
in the bondline. Although stresses would eventually become uniform as the adhesive undergoes plastic 
deformation, significant strain concentration may still occur. Consequently, the maximum strain in the 
adhesive bond may exceed the strain allowable before the average shear stress reaches the stress 
allowable [40]. With scarf joints being single load-path structures, their maximum load-carrying 
capacities are limited by the plastic collapse load of the adhesive bond under hot-wet conditions when 
adhesive layer is ductile and has low shear strength [100]. It is recommended that the allowable ultimate 
adhesive shear strain and potential strength is 50% greater than that of the adherend, that way the peak 
stress values are not reached. The reason behind this conservatism is due to environmental degradation 
suffered during service [35]. Ideally the lowest strength failure mode in a bonded joint should be section 
failure of the adherends, since it is the easiest mode to design for. However, when impact damage on the 
repair occurs, delamination exists, or when hot wet conditions are present, this type of failure mode is 
difficult to achieve [30, 48]. 
2.4 Certification 
Gaining airworthiness approval for bonded repairs to flight critical structures is a current 
significant problem. The only way to determine if a repair is well or poorly bonded is through destructive 
testing where current NDI can only determine physical flaws in the repair, not the bond quality [63, 101]. 
It is essential that during the certification process of bonded repairs it must be demonstrated that 
potentially critical or immediate failures modes are fully recognized. This is such that the repaired 
structure has returned the strength and duration capabilities of the original certification requirements. 
However, knowing what is required for certification is not a simple task as the contribution of several 
failure mechanisms can cause a loss in performance which are affected by joint design and long term 
operational conditions. Test methods are essential in the certification process of aircraft structure repairs 
such that testing of entire aircraft sections can be avoided. For repairs to be certifiable for large damage 
states, improvements are required in several fronts including inspection technology [102], validated 
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models for fatigue [103, 104] and damage tolerance [13-15, 22, 105-107]. It is critical to ensure that the 
internal stresses are transferred safely between the parent and repair structure [8, 34]. Currently it is 
unknown what are the critical initiation failure mechanisms in bonded composite scarf joints which limit 
performance, particularly under a damage tolerant design considering extreme environmental conditions. 
2.4.1 Current Regulations and Guidelines 
Australia’s regulation CASR AC 66-4 states that if you are a CASR Part 145 Approved 
Maintenance Organisation, the maintenance employee must have specialist training. This shows that 
composite repairs within Australian regulations are still considered a specialist task [108-110]. The Royal 
Australian Air Force (RAAF) publication DEF AUST 9005, Composite and Adhesively Bonded Repairs, 
states that no credit be given to the patch system when considering the certification of a repair to primary 
structure. That is the certification is approached on the basis that the adhesive bond will fail, which can 
lead to largely conservative or even unachievable designs [111]. Due to this RAAF approach, little 
consideration has been given towards the micromechanics of failure. FAA regulatory guidance limits the 
application of bonded repairs towards primary aircraft structures as specified in a Bonded Repair Size 
Limit policy document. It is specified that a structure with removed material due to damage, can still 
sustain the DLL in the absence of the repair [9].  This requirement restricts the size of damage that can be 
repaired using adhesive bonding technique. A larger damage will thus need to be repaired with less 
efficient techniques such as bolted joints, or the structure to be replaced.  
Federal Aviation Regulation (FAR) Part 43 – Maintenance, Preventative Maintenance, Rebuilding, 
and Alteration, describes that that ‘The maintenance and repair of composite structure should meet all 
general, design and fabrication, static strength, fatigue/damage tolerance, flutter and other 
considerations covered by AC 20-107B’ [112]. FAA Advisory Circular (AC) 20-107B provides current 
guidelines regarding airworthiness type certification requirements for composite aircraft structures 
incorporating fibre reinforced materials [33, 101]. The key requirement is to demonstrate an acceptably 
low probability of patch disbonding during the remaining life of the structure. It is stated that “To provide 
an adequate design database, environmental effects on critical properties of the material systems and 
associated processes should be established. In addition to testing in an ambient environment, variables 
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should include extreme service temperature and moisture content conditions and effects of long-term 
durability.” Thus, bonded repairs are required to ensure that the adhesive can transmit the flight loads 
under typical in service environmental conditions. Re-design of an airframe typically involves a detailed 
structural assessment followed by numerical and experimental analysis of coupons to complex 
components to validate performance. Typically the strength of a composite structure shall not fall below 
an acceptable level, usually 1.2 to 1.5 times the DLL [30, 33].  
It is described by AC 20-107B ‘Specific metrics that quantify the severity of composite structural 
damage states caused by foreign impact damage threats are needed to perform analysis’. Because of this 
statement, testing will often be characterised by residual strength, which includes the structural effects on 
critical damage locations. Varying impact damage levels are usually incorporated by limiting the design 
strain levels for both ultimate and limit load design criteria [101]. However, analysis of impact damaged 
repairs is a difficult task, particularly when attempting to understand fundamental failure mechanisms and 
highlight where damage is initiating and propagating from. Thus, the implementation of pre-flawed 
bonded joint analysis, for damage tolerant analysis purposes, is emphasised as a simpler and 
representative form of impact damage or manufacturing defect. The effects of flaws in bonded composite 
scarf joints are yet to be considered in literature over the various environmental conditions representative 
of aerospace operation, and needs to be addressed. 
2.4.2 Classical Design Approach 
Current analysis methods for bonded scarf joints assume a relatively simple failure approach, 
which has the potential to ignore critical mechanisms initiating or causing joint failure. This is primarily 
due to many factors that influence the life span of a bonded joint, which include creep, fatigue, impact 
loading, temperature changes, humidity, aging and production errors. Since the combined effects are hard 
to predict and every designer has their own opinion what is most important, there are several different 
approaches considered by industry in making a safe adhesively bonded composite joint. These include the 
following [32]: 
1. Hart-Smith 
2. NASA Space 
3. PABST Program 
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4. Airbus 
5. Ortwin Hahn and Tino Fuhrman 
6. NASA 1989 
In general, the listed guidelines largely base joint performance on the mechanical response of the 
adhesive layer only and do not consider damage progression. That is typical joint designs would specify 
an upper limit to the amount of shear stresses allowed in the adhesive layer. Some approaches even 
considered acceptable ratios of adherend thickness to overlap length. Beyond these guidelines littler 
consideration is given to other failure mechanisms such as the composite adherend and joining interfaces. 
There is a need to develop new design methodologies which considers the performance of both composite 
adherends, bonding interface and adhering materials such that a significant contribution can be made 
towards commercial application. 
2.4.3 Damage Tolerance Guidelines 
To achieve a damage tolerant design, an understanding of likely failure initiation and progression 
scenarios, corresponding to the residual strength of bonded composite scarf joints is essential. This 
knowledge is currently lacking in the open literature. The design procedure must contemplate and address 
possible low-stress failure modes, such as delamination and polymer matrix failure, that are unique to 
composite adherends and progress outside the analysis of only the adhesive stress-strain response. To 
provide information which can make a significant contribution towards damage tolerant design guidelines, 
the performance of a composite structure should be reliably and incrementally established through a 
program of analysis and a series of tests conducted at varying levels of complexity. As test complexity 
increases, generally the amount of test specimen’s decreases. An example of the building blocks for a 
testing program of a detailed analysis is described as follows in Figure 2-15. Research of critical failure 
mechanisms typically focus on coupon level testing and provide a database for larger structural analysis. 
Tests conducted from the coupon to element and sub component levels are generally used to confront 
issues of variability, environment, structural discontinuity, damage, manufacturing defects and design 
process specific details. Currently, what’s required is a new and thorough test program which considers 
damage tolerant analysis of bonded composite scarf joint over the extreme environments which aerospace 
structures are subjected too. By doing so a significant achievement can be made towards understanding 
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the critical mechanisms which ultimately define joint strength, and ultimately provide new insight which 
can be applied to damage tolerant design guidelines. 
 
Figure 2-15: Schematic diagram of building block tests for fixed wing [101] 
2.5 Scarf Joint Assessment Techniques 
Currently the load-carrying capabilities of scarf repairs is not entirely understood, which has 
inherently hindered the development of models/methodologies on the design of scarf repairs 
incorporating damage. As the repair is considered a part of the aircraft structure, the same level of damage 
tolerance should be proven to exists when compared to an un-notched parent laminate [113]. However, 
current repair procedures do not give a high degree of consideration to damage tolerance. It is important 
to incorporate damage tolerance in the design of scarf repairs above static strength considerations [114]. 
In the past bonded repairs were assumed to have comparable damage tolerance and impact resistance as a 
parent structure. It is crucial to understand that this is not the case and it is important to understand what 
are the possible causes of damage, or features, in a bonded composite joint which adversely affect 
performance. 
2.5.1 Adhesive Layer Characterisation 
Without considering damage inducing phenomena such as impact and the environment, variations 
and malformations in the manufacturing process can lead to critical damage initiation mechanisms. 
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Micrographic studies have been conducted by Whittingham et al. [39] looking into the manufacture 
variables which could possibly effect the load-carrying capabilities of a scarf repair. When scarf repairs 
are designed effectively they provide a suitable recovery level of residual strength. However, it can be 
difficult to control all aspects of the bonding process, particularly as it is currently a labor-intensive task. 
In the micrographic study several key parameters were listed when considering an ideal repair, which 
included: 
 Ply ends stay aligned and intact 
 Uniform and consistent bondline thickness 
 Maintain integrity of scarf tip region 
 Continuity of ply orientation between patch and repair 
 Adhesive free of voids and porosity 
 Consolidation of fibres in patch and parent 
Variations in the adhesive thickness can vary within quite wide limits (±50% of the required 
thickness) and is not expected to be detrimental to the repair strength. However, excessive thinning will 
cause high surface stress at scarf boundary. As modern film adhesives typically have a carrier scrim cloth, 
excessive thinning can be avoided, particularly near the scarf tips. The repair strength with regards to 
voids in the adhesive will be dependent on the type of failure. In hot-wet conditions, where cohesive 
failure is expected to occur, large amounts of porosity or voids will have a large effect on the load-
carrying capability of the repair [39]. As excessive porosity exists towards the outer boundary of the 
bondline, the effective bond length is reduced. It is known that the presence of bondline damage near the 
scarf tip will induce local shear stress and peel stress concentrations, thus reducing the joint efficiency. In 
a satisfactory repair the scarf tip is supported by the adhesive and opposing adherend, and is known to be 
overlapped with additional plies to protect the crucial region. Understanding manufacturing effects on the 
joint performance is important when considering damage tolerant design methodologies.  
From this work on manufacturing defects, it can be observed that the scarf tip region was 
highlighted as a likely location for damage to initiate and propagate from due to the presence of voids 
within the bondline. An example of the presence of voids in the bondline near the scarf tip have been 
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described below in Figure 2-16. By assuming that these porous tip regions are ineffective of fully 
transferring load between composted adherends, a damage tolerant design approach begins to be formed. 
 
Figure 2-16: Micro image of repair patch end region for machined layup, parent on bottom and repair patch on top [39] 
2.5.2 Impact Damage of Scarf Joints 
Several studies into the effects of impact on bonded scarf joints has been previously conducted to a 
considerable extent, in order to characterise residual strength and damage response [13, 14, 22, 105, 114, 
115]. An example of the residual strength and damage area results for various impact energies and scarf 
angles can be observed in Figure 2-17. These results have been normalised to the adherend thickness. 
From observation, it can clearly be seen that the residual strength does become adversely affected with 
increasing levels of impact energy, particularly for steeper scarf angles. 
  
Figure 2-17: Residual tensile strength and damage area of scarf joint after impact [22] 
Additional work has also been shown presented  by Herzberg et al. [13] which directly compares 
the damage area to loss in residual strength, for a series of 5° bonded composite scarf joints, where a 
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linear relationship was observed. To help better characterise the residual strength results, specimens 
where split down the center of the joint through the delamination area, upon which micrographic studies 
were then conducted. Figure 2-18 shows an example of damage to the adhesive and composite.  
 
Figure 2-18: Microscopic cross sectional observation of 6 scarf joint specimen [22] 
The dominant failure mode consisted of failure along the bondline, particularly near the scarf tip. 
Strain gauge measurements also suggest that failure initiation occurred at the edge of the adhesive layer, 
highlighting how critical the scarf tip is in joint performance. Although the end effect of impact onto 
bonded composite scarf joints can be clearly shown, identifying further damage progression with an 
applied load is extremely difficult to characterise. To make a significant contribution to the current state 
of knowledge, new methods need to be developed such that the progression of damage through the 
adhesive, bonding interface, or even composite adherends can be tracked to provide an in-depth 
understanding of joint performance and provide greater insight towards the overall goal of damage 
tolerant assessment of bonded composite joints.  
From analysis of literature into the effects of manufacturing defects and impact damage on bonded 
composite scarf joints, it has been determined that a simplified pre-flaw approach can be applied as a 
representative form of damage tolerant assessment. The advantage of this approach is that a simple 
representative form of impact damage or manufacturing defect is present in the bondline to which the 
residual strength and damage progression to failure can be characterised. Although this approach has been 
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applied previously in literature to bonded composite scarf joints, a thorough test and numerical analysis 
program is yet to be conducted considering a wide spectrum of environmental and geometrical conditions 
representative of bonded aerospace structures. The remaining literature will discuss in detail the current 
state of strength predictions of bonded composite scarf joints, with and without pre-flaws, and what 
techniques will be required assessment of associated failure mechanisms. 
2.5.3 Experimental Studies on Environmental Effects 
Studies by Baker in the 1990’s, showed that the failure strain within the scarf region reduced by 
50% when the test temperature was raised from ambient to 104°C. It was concluded that the failure 
changed from a mixed of adhesive-adherend at room temperature to an almost purely cohesive adhesive 
failure at elevated temperature [99, 116, 117]. Work done by (Miravete, A., 1992) has also looked into the 
environmental effects on scarf bonded carbon/epoxy composite repairs. The basis involved looking at the 
dependency of laminate and adhesive cure temperatures on the failure loads and types of failure, with 
regards to a hot-wet environment. To simulate a repair situation, the parent side of the repair was 
procured, while the patch side was co-cured with the adhesive. Both outer surfaces of the scarf repair 
were also bonded with a doubler layer to further enforce any peeling of the scarf tips where conditioning 
was conducted at 50°C, 84% relative humidity. It was concluded that lower temperature cure repairs were 
more severely affected by environmental conditions [48]. 
Experiments by (Charalambides, M.N., et al. 1998) has looked into the performance of 
carbon/epoxy joint repairs under hygroscopic effects. Test coupons were submerged in distilled water at 
50C for periods up to 16 months where residual strength tests were conducted. Strangely enough it was 
observed that there is marginal variance in the failure loads for each of the conditioned specimens, 
although large variances in the failure mechanisms were present [118]. Essentially this research is 
showing that as environmental conditioning period increases, the predictability of failure inversely 
decreases, where a clear indication of the effects of environmental conditioning on the strength of scarf 
repairs is difficult to see. Particularly as there seems to be no consistent correlation between the failure 
load and failure mode of each test case. This work does show that the material system has a large 
presence on how the failure mechanisms act in the repair system and how the effects of the environment 
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on bonded composite repairs are heavily case dependent. It is difficult to develop guidelines when simple 
changes in material systems causes large variations in response due to environmental effects. 
More recently, experimental work into bonded scarf repairs subjected to hot dry and hot wet 
environments have been carried out by the Defence Science Technology Group, Australia. The work had 
shown that large amounts of cohesive failure is apparent during failure of bonded scarf repairs, while also 
showing low strength prediction sensitivity to impact damage [11, 106]. Part of the work was conducted 
on carbon/bismaleimide composites at high and sub-zero operating temperatures by (Rider, A.N., et al. 
2010). As expected the strength of the repair decreases from ambient conditions with increasing 
temperature. Specifically, near the glass transition region a linear relationship is observed. Analytical 
models based on the adhesive ultimate shear strength consistently and largely over predicted the failure 
strength under all environmental conditions, however much closer predictions were observed under the 
hot-wet scenario. It is also described that the type of failure observed in room temperature and cold dry 
samples was not adhesive, limiting the validity of adhesive failure based approaches. It is evident that 
more complex design approached is needed in order to encapsulate the modes of failure and mechanisms 
that are present. Experimental work on the effectiveness of single sided composite doublers on a scarf 
repair failed to provide adequate strength recovery under all conditions. This premature failure was 
emphasized for the single sided scarf doubler where load path eccentricity was present. This does depend 
on the ratio of the doubler stiffness to the parent laminate stiffness. 
(Harman & Rider 2011) also describes the location of impact damage with respect to the scarf tip 
was found in previous studies to has a significant influence on the repair strength reduction. However, the 
same impact energies at the location to cause the highest strength reduction reduced the tensile strength 
by approximately 35% for both room temperature dry and hot-wet conditions. This reduction in residual 
strength is due to the induced delamination at the end of the repair patch in the bondline adjacent to the 
adherend. Naturally, it is assumed that as the impact damage intercepts the scarf tip the residual strength 
of the repair is affected the greatest. This shows the criticality of protecting the scarf tip from damage. 
Impact testing conducted on specimens showed that as the damage area increased the residual strength 
decreases, as expected. It is also interesting to note that the hot-wet tested samples showed much less 
sensitivity to the presence of damage, and even for larger flaw sizes had comparable strength to that of the 
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room temperature specimens. Larger amounts of adhesive failure were observed for the HW tested 
samples in comparison to that of the room temperature counterpart. Literature is yet to provide results 
which describe the sensitivity of pre-flawed bonded composite scarf joints under various environmental 
conditions. 
2.6 Analytical Strength Predictions of Scarf Joints 
It is important to understand that stress gradients within a scarf joint adhesive layer cannot be truly 
determined analytically [17, 113]. Approaches do exist for the analytical analysis and design of scarf 
repairs, however the majority of existing methods are based on two dimensional adhesively bonded joints, 
which assumes a plane strain state and failure is limited to the bondline. A limitation for most analytical 
models is the modeling of linear elastic adherends and adhesives only as non-linear analytical methods 
are difficult to solve [8]. Using a fundamental equation, the strength of the scarf joint can be related to the 
yield shear strength of the adhesive and the scarf angle. This approximation does assume constant shear 
strength across the adhesive in the joint, and therefore should be limited to repair analysis of joints with 
isotropic adherends or composites with very large strain to failure. If brittle adhesives are to be analysed 
then stress concentrations must then be accounted for. The basic equation to describe the bondline stress 
state under tension loading can be described by equation 2-1 [39]: 
   
      
     
 (2-1) 
Where  is the adhesive shear stress, P is the applied load,  is the scarf angle and tlam is the 
laminate thickness. The strength of the joint can be determined by applying a peak or allowable adhesive 
shear stress (P) and rearranging equation 2-1 into 2-2. 
          
   
     
 (2-2) 
Where E is the laminate modulus and εU the allowable laminate strain. The minimum scarf angle 
for an applied load can also be obtained by taking the peak shear stress. For example, taking εU = 4000 
microstrains for ultimate composite allowable, P = 13 MPa for FM300-2 film adhesive under hot wet 
conditions, and E = 70 GPa to represent a typical composite laminate gives a scarf angle  < 3 [39]. This 
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approach of adhesive based failure along the scarf bondline has also been extended further into doubler 
repaired scarf joints, by equations 2-3 and 2-4 which accounts for the out of plane bending in the joint and 
assumes failure in the joint bondline. 
      
        
       
 (2-3) 
   
    
    
 (2-4) 
Where    is the ultimate shear strength determined from the thick adherend lap shear test, S is the 
stiffness ratio of the doubler and laminate due to the induced bending moment, t describes a thickness 
values while subscripts d and s refer to the doubler and parent structure respectively. The use of analytical 
methods on bonded composite scarf joints does provide good correlation towards HW joint strength 
predictions as proven by Rider et al [11], where failure of the joint is largely that of a ductile adhesive 
layer. The use of the above analytical methods tends to lead to strength over predictions for cases under a 
RT environment, and thus must have further consideration is needed in strength prediction models.  
Another approach to determine ultimate joint strength is to evaluate the stress concentration factor 
(K) along the length of the bondline which can be determined from the ratio of maximum shear stress τmax 
to average shear stress τavg. The stress concentration factor can be described by the individual ply 
stiffness’s and number of corresponding plies, as shown in equation 2-5 [119]. 
 
  
    
    
 
      
       
    
  
    
   
  
 
(2-5) 
Where n describes the number of plies. This equation assumes a zero-thickness adhesive and 
ignores the effect of shear lag and shear stiffness of the adhesive. Using the stress concentration factor to 
determine the joint strength can now be shown by equation 2-6. 
      
   
      
 (2-6) 
This approach is only a first order approximation and does not describe in any shape way or form 
the damage progression aspects. Due to the strong shear-lag effect associated with the low through-
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thickness shear stiffness of the composite, the analytical model fails to capture the fine details of the local 
peak stresses around 0° ply terminations, and troughs near 90° terminations. For more detailed analysis, 
including three dimensional and complex geometry, computational modeling is unavoidable [8].  
Another key issue with these previous mathematical formulations is that joint strength is based on 
that of a pristine joint and does not consider the effects of a disbond in the joint, or the stress 
concentrations due to the disbonds crack tip. Linear Elastic Fracture Mechanics (LEFM) is approach 
which has been used in the past to predict the ultimate strength of bonded composite scarf joints, with the 
existence of a pre-flaw in the adhesive-adherend interface. LEFM considers a crack to grow once the 
Strain Energy Release Rate (SERR) at the crack tip reaches a critical value. The application of LEFM at 
the composite-adhesive interface requires consideration of bi-material properties at the crack tip, where 
stress intensity factors, geometry factors and other parameters are used to describe the SERR. This 
approach assumes that the joint experiences catastrophic fracture as soon as the critical SERR is first 
reached. This approach is described by the formulation presented in equation 2-7. 
   
    
    
   
     
   (2-7) 
The SERR (G) term is described by several factors including the Dundurs second parameter (β), the 
effective bi-material modulus (Eeff) and stress intensity factors (K) under mode I and II loading conditions. 
To describe β and Eeff the formulations are presented in equations 2-8 and 2-9. 
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Now G1 and G2 refers to the shear modulus, ν1 and ν2 describes the Poisson’s ratio for each material 
and E1 and E2 provide the Young’s Modulus of each material respectively. The factors KI and KII can be 
expressed in terms of the basic solution for a crack in an infinite body, see equation 2-10. 
             √            (2-10) 
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Where YI and YII are the geometry factors of the scarf joint with a crack at the bi-material interface. 
Now the strain energy release rate can be written as follows, where a is the crack length. This expression 
is presented in equation 2-11. 
   
    
    
   
     
      √   (2-11) 
One key issue with applying this approach onto bonded composite scarf joints is that these 
geometry factors need to be determined through FE modelling, as no analytical expressions are currently 
available due to the complex geometries, inhomogeneous and anisotropic material properties. As a 
general conclusion for this approach, for reasonable strength predictions the pre-flaw size needed to be 
above approximately 5% of the total bond length, and results tended to be considered too conservative 
[120]. From assessing the current literature on analytical strength predictions of bonded composite scarf 
joints, it appears that numerical methods pave the way forward for accurate strength predictions, and 
capturing the damage initiation and progression mechanisms. 
2.7 Numerical Methods for Scarf Joint Assessment 
The Finite Element Method (FEM) is a numerical approach currently being widely used in the 
analysis of bonded composite repairs. Some of the earlier FEM work shown by Odi & Friend [29, 121] 
described that only numerical methods can take the analysis of bonded joints further from previous 
findings due to the inherent complexity of bonded composite joints. The FE approach can show 
phenomena occurring that cannot be easily observed experimentally, and is hence a powerful tool. It is 
also described by Odi & Friend [29] that three general modelling approaches exist for the analysis of 
bonded repairs. The first considers a plane stress/strain assumption by taking a cross sections slice of the 
repair, and as such the analysis can be reduced to a 2D problem. The second approach models the full 
repair with composite shell elements (zero thickness), which now accounts for membrane deformation. 
The final approach is the most computationally expensive where a full 3D model is used. Each analysis 
type has its own limitations and will describe phenomena based on each of the approaches assumptions. A 
popular use for FE on bonded composite joints has been the education of bondline stress states. More 
recently the use of FE to model progressive damage has become more apparent. 
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FEM work has been done by Wang and Gunnion [40] to verify stress concentration theories 
previously stated. Linear elastic simulation of a 5 scarf joint with the respective stacking sequences of 
[45/0/-45/90]S, [45/0/-45/90]2S, [45/0/-45/90]3S, was conducted. The result of the stress concentrations 
through the center of the bondline is depicted in Figure 2-19.  
 
Figure 2-19: Shear stress concentrations in scarf adhesive layer (linear-elastic) [40] 
The results show that the stress concentrations are coincidental with the 0 plies where increasing 
the number of plies aids in reducing the magnitude of the stress concentrations. Like that of an isotropic 
material scarf repair larger stresses are occurring towards the free edges of the repair. It was highlighted 
that when designing scarf joints, it is important to avoid fracturing of the feathered tip because of these 
high stress concentrations. It is also important to avoid aligning the outside plies of the adherend parallel 
with the loading direction. Since the adhesive can undergo plastic deformation before failure, the 
predictions of failure stresses using elastic-plastic stress analysis methods of the bondline may be largely 
conservative. This has been observed in current analytical and numerical approaches and describes the 
importance of the elastic-plastic effect of the deformed adhesive layer. 
Elastic-plastic analysis was also conducted in the work by Wang and Gunnion [40] to further 
enhance the understanding of bondline behaviour. To help simplify the solution the material properties 
were assumed to be elastic perfectly plastic, thus experienced stresses will not exceed the yield point. The 
results of the bondline stresses are described in Figure 2-20. Graphs a and b describe the stacking 
sequence of [0/45/-45/90]2S and [90/-45/45/0]2S respectively. These results are an incremental elastic 
   RMIT University, Australia 
50 
 
plastic analysis where the average stress along the adhesive center line is normalized against the yield 
stress [40]. It can clearly be seen that these initial stress concentrations from the linear-elastic analysis are 
being dampened out due to the yielding of the adhesive. Beyond these analyses, consideration of the 
elastic-plastic material properties have not been a primary focus on scarf repair design in the past, merely 
identified. This could be due to the over-predictive nature of previous methodologies with elastic plastic 
material properties, and thus certain failure mechanisms are not being considered in simpler analysis 
methods.  
 
Figure 2-20: Normalised shear stress distribution through adhesive centre line (elastic-plastic) [40] 
Work was also done by Campilho, et al [17] analysing the effects of scarf angle on the state of 
bondline stresses on unidirectional carbon/epoxy scarf joints. Scarf angles of 2, 3, 6, 9, 15 25 and 
45 were studied with a [02/902/02/902]S laminate layup. It was found that under an elastic stress analysis 
the peel stresses are much smaller in magnitude than the shear stresses for smaller scarf angles. As the 
angle begins to increase the level of shear stresses begin to decrease, and peel stresses begin to increase. 
These features have been shown in Figure 2-21 and Figure 2-22. 
When smaller scarf angles are being considered it is important to be aware of the magnitude of the 
shear stresses due to their large magnification in comparison to that of the peel stresses. This is attributed 
to the loading vector being near parallel to the adhesive layer orientation. Note that the shear stresses are 
significantly lower in the adhesive layer when coincidental with the 90 plies. Currently there is little 
information in literature which shows a thorough understanding of how the bondline stresses change due 
to the presence of damage progression throughout bonded composite scarf joints. This is a critical issue as 
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the sole purpose of the adhesive is to transfer all stresses and strains from the parent laminate to the repair, 
and not having a sound understanding of bondline characteristics, under the presence of damage, could be 
detrimental to joint performance. 
  
Figure 2-21: Adhesive layer peel stress distribution [17] 
 
Figure 2-22: Adhesive layer shear stress distribution [17] 
2.8 Progressive Damage Modelling of Scarf Joints 
In literature, the application of progressive damage modelling towards bonded composite scarf 
joints is currently being employed to overcome previous analytical strength prediction limitations. Some 
of the major techniques currently available in commercial codes for modelling both initiation and 
progression of failure in composite joints include Cohesive Zone Modelling (CZM) and Continuum 
Damage Mechanics (CDM). The latter technique can be broken down further into damage of ductile 
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materials, and brittle failure of orthotropic materials. To understand these techniques further, the 
fundamentals of fracture mechanics must be identified, along with the governing equations which 
describe progressive failure, which has been presented in Appendix A. The previously described 
numerical damage mechanics methods have been applied in literature towards the analysis of bonded 
composite joints, with CZM being the most prominently used. Application of continuum damage failure 
criteria in both the adhesive and composite have also been applied in literature, however to a lesser extent. 
A discussion will now be presented into the application of damage progression techniques in bonded 
composite scarf joints. 
2.8.1 Pristine Repair Analysis Using CZM 
Showing that the concept of using CZM in the bondline for the accurate strength and damage 
progression predictions has been carried out early in the millennium by Blackman et al. [122] (2003), and 
by Li et al. [123] (2005), which assessed single mode failure. Research into progressive damage 
assessment on mixed mode failure of single lap and double lap shear joints had been carried out by 
Campilho et al. [124] (2005) with successful results. It was concluded that from the above research the 
cohesive-zone models applied to the bondline accurately predict the joint strengths, deformations, and the 
transition between failure of the composite and failure of the interface, which cannot be readily predicted 
by conventional fracture mechanics techniques. 
Work by Campilho et al [125] initially assessed progressive failure on simulating 2D unidirectional 
CFRP scarf joints, using CZM at the adhesive-adherend interface, on a range of scarf angles from 2 to 
45. It was confirmed within this research that lower scarf angle cases provided superior joint strength 
adhesive. The study showed that fracture properties presented only a small influence on the strength of 
the scarf repaired joint, unlike the strength properties, which governed the failure process of these joints. 
It was also shown that failure at the bondline interface was prominent, not through the bulk adhesive. 
Research into CZM modelling was continued by Campilho et al. [17], this time on a quasi-isotropic 
CFRP scarf joint, where the failure path was not only present along the adhesive-adherend interface, but 
also through the 90° ply tip regions and ply interfaces to represent intralaminar composite failure. In the 
CZM analysis conducted a mixed mode of cohesive and interlaminar/intralaminar was occurring at scarf 
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angles 9 and below. Cohesive failure was found at the 0 plies due to the high shear stresses, where 
interlaminar/intralaminar occurred at the 90 plies. A depiction of the numerical results is shown in 
Figure 2-23. The numerical results showed good correlation with the experimental results where the type 
of failure at the 0 and 90 plies was captured (Figure 2-24). This work showed a suitable numerical 
cohesive zone model for the prediction of pristine composite scarf joint failure. 
 
Figure 2-23: 45 scarf angle with cohesive failure (a), versus a 9 scarf angle with mixed failure (b) [17] 
 
Figure 2-24: Cohesive and interlaminar/intralaminar failure for 3 scarf specimen [17] 
3D Analysis on modelling panel scarf repairs using CZM has also been covered by Pinto et al. 
[126]. Failure in this instance was only considered using cohesive elements to represent the adhesive 
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layer, where damage was described to initiate along the center line of the repair, in the loading axis 
direction, and progressive debonding around the circumference of the repair. It was numerically shown 
that the strength of the scarfed repair panel increases exponentially with decreasing scarf angle. This 
research shows how critical it is to achieve as low as scarf angle as possible, but also the capabilities of 
CZM to predict 3D damage progression. As failure of the panel is initiating parallel to the loading axis, it 
can be thought that the failure strength of a scarf repaired coupon can represent that of a panel repair.  
Extending 3D analysis further, modelling by Ridha et al. [16] on panel scarf repairs using CZM 
elements along the bondline, studied the effects on the shape of the traction separation law. The 
parametric studies which were completed include the influence of traction–separation laws, strength, and 
toughness to the overall failure response. An example of the various traction separation responses shown 
in Figure 2-25. The results described that bi-linear law tended to be the most sensitive to changes in 
interface toughness and strength, while the exponential law provided less sensitivity. In saying this, the 
bi-linear law was also the most computationally efficient method. It was concluded that no matter which 
response was chosen, the CZM traction separation response will need to be calibrated against 
experimental data. It was also described that joint strength sensitivity is more apparent for changes in the 
adhesive strength, in comparison to that of the fracture toughness which matches previous findings by 
Campilho et al. [125]. 
 
Figure 2-25: Exponential, trapezoidal and linear softening traction–separation law: (a) tensile and (b) shear  [16] 
Analysis into CZM on bonded composite scarf joints has also been done by Liao, L., et al. [127] 
which looks into the effects of adhesive thickness, adhesive type and scarf angle on the over joint 
mechanical properties. The work showed that to achieve optimal bond strength, adhesive bondline 
thicknesses as low as 0.1 mm should be considered. Increasing the bondline thickness up to 0.5 mm could 
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see a 50% reduction in joint strength predictions. Along with adhesive thickness, a comparison between 
brittle and ductile adhesives was also conducted, to which it was found that brittle adhesives had far 
superior strength over ductile adhesives. The use of ductile adhesives was described only by long 
displacements to ultimate failure. 
Considering the above work, CZM in pristine bonded composite scarf joints and repairs has been 
evaluated as an acceptable approach for assessing damage initiation and progression towards ultimate 
strength predictions. However, researchers applying CZM into bonded composite scarf joint are yet to 
show more significant insight into the development of damage and what effects this has on the stress 
distributions in the composite and bondline. 
2.8.2 Pristine Repair Analysis Using CDM 
Models using CDM to predict damage initiation and propagation shows to be a viable contender for 
the prediction of laminate and adhesive failure in composite scarf joints, although has been applied to a 
significantly lesser extent than the interface analysis approach of CZM. CDM techniques require less 
definition for determining failure paths compared to that of the CZM method and can be applied to both 
composites and adhesives in joints [128, 129]. It is important to understand that CDM approaches are an 
approximate macro level failure determination method, which must be well understood when applying to 
numerical analyses, and does not give true insight into micro-mechanics of damage progression. 
Of the little work that considers CDM in scarf repairs, user subroutines have been previously used 
for modelling damage of composite and adhesive elements. A Hashin damage initiation based model was 
implemented by Kumar et al. [18] onto a unidirectional laminate scarf joint coupons only, with isotropic 
hardening and stress based failure of the adhesive layer. It was described that the composite damage 
model reasonably portrayed failure mechanisms and shown reasonable strength predictions in comparison 
to experimental observations towards various scarf angle joints.  
Another modelling approach by Wang et al. [19] also has been shown using a 2D model shell based 
formulation for describing fibre reinforced failure in scarfed and straight cut holes analyses, showing 
good strength prediction agreement towards experimental data and further showing CDM’s viability, 
although this research was not applied to a bonded joint. A singular failure path was observed through the 
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thickness modelled specimens, where damage would initiate and progress from the edge of the scarfed 
hole to the outer laminate region, with good correlation to experimental observations. 
Ridha et al. [16] also used micro-mechanics of failure for continuous fibre reinforced composites 
had also been applied to quantify composite damage to some extent, in conjunction with CZM analysis of 
the adhesive layer. Failure has been identified to initiate from the inner scarf tip in the loading axis 
direction, where generally matrix cracking and adhesive layer failure between the 0° plies of the repair 
panel and patch was observed. 
Research by Xiaoquan et al. [20] and Baig, Y et al. [21] has described a quarter symmetry model of 
a quasi-isotropic scarf repair, which includes a fibre reinforced failure model in the composite laminate 
and a simple linear elastic adhesive failure response. It was noted that damage tended to initiate in the 
adhesive layer at the 0° ply terminations along the load path, and then circumferentially de-bond, where 
damage to the composite could be observed to a lesser extent. From the presented methodology, good 
correlation between numerical and experimental strength results was observed for various laminate layups 
and scarf angles.  
Although the various types of composite damage could be captured in the previous CDM 
methodologies, the results described do not present in detail the interactions between composite and 
adhesive failure, something that is currently lacking in literature. To effectively apply damage tolerant 
designs to bonded composite joints an understanding of how adhesive and composite based failure 
interact with each other is essential.  
2.8.3 Flawed Scarf Joint Analysis 
Currently there is very limited work towards assessment of bonded composite scarf joints with the 
inclusion of pre-flaws. Of the limited work, research by Goh et al. [15, 120, 130] assessed the strength 
performance of pre-flawed scarf joints, coupled with high resolution fractographic analysis of the failed 
specimens. Varying flaw sizes of 3, 6 and 12mm were used in debonding the scarf tip for joint angles of 
3° and 5° degrees, on a 4.4 mm thick laminate. Strength results show that as the flaw size increases the 
stress/displacement to failure quickly reduces. It was described that if approximately one quarter of the 
bond length is lost, only half the initial joint strength remains. Heading into further detail, SEM images 
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showed the presence of fibres on both fractured surfaces, indicating composite based fracture along the 
adhesive-adherend interface is occurring. The distance between the failure path and the interface bonding 
scarf surface was directly comparable to the fibre diameter. It was highlighted that the flaw size did not 
have a substantial effect on the crack path, or fracture characteristics with regards to each passing ply 
orientation.  
Although this research has provided some insight into the final damage state of pre-flawed bonded 
composite scarf joints, analyses have been applied to a limited test spectrum representative of aerospace 
joints. To have a greater appreciation of the possible damage mechanisms that can occur during failure, a 
wider spread of experimental test cases needs to be developed. This includes altering material layups, 
scarf angles, boundary conditions, pre-flaw size/location and environmental conditions. In addition, 
literature has highlighted only the fracture surfaces on failed composite bonded scarf joints. The internal 
composite laminate damage state is yet to be observed in detail across a wide test spectrum of bonded 
composite scarf joints. 
Strength predictions of pre-flawed scarf joints were then applied by Goh et al. [15, 120, 130] using 
the CZM approach. Initially a cohesive zone sensitivity study was applied where an interface layer was 
inserted along either the adhesive centerline or the adhesive-adherend interface. Three modelling 
approaches were assessed which included failure along the adhesive-adherend interface using composite 
fracture properties, failure along the same interface using adhesive fracture properties, and failure along 
the adhesive mid plane using adhesive fracture properties. The three methods showed similar predictions 
for flaw sizes less than 2.5mm, however interface failure using adhesive properties showed the most 
promising results. This suggests that the strength of the scarf joint with initial flaws less than 3mm is 
dominated by cohesive failure. For flaw sizes above 3mm, interface failure with composite properties 
described the best results. It can then be described that composite properties at the adhesive-adherend 
control the joint strength. The strength predictions have been highlighted in Figure 2-26. CDM has also 
been applied to pre-flawed bonded composite scarf joints with dissimilar adherends with good correlation 
between numerical strength predictions and experimental strength results. Although CZM and CDM has 
been shown as an acceptable technique for assessing strength predictions of pre-flawed bonded composite 
scarf joints, its effects on across various environmental and geometrical conditions have not been shown. 
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Figure 2-26: Comparison between CZM model predictions and experimental results [15] 
Research by Kosmann, et al [107] has passively identified the critical stress locations on 3D 
composite scarf joint models under RT and HW conditions with the inclusion of pre-flaws. No 
progressive damage criteria were implemented into the modelling methodology. The strength of the joint 
was evaluated from FE by load at which the bondline first reached the ultimate shear strain of the 
adhesive, where an elastic-plastic failure criteria of on the bondline was used. The approach used failed to 
characterise the strength predictions accurately of bonded scarf joints with pre-flaws, and hence further 
emphasise the need for progressive damage modelling methodologies for bonded composite joints, 
subjected to adverse environmental conditions.  
2.8.4 Numerical Studies on Environmental Effects 
Limited amounts of environmental modelling on adhesively bonded scarf joints currently exists in 
literature, particularly under elevated temperature and moisture conditions. FE composite scarf joint 
models by Baker et al. [99] indicated that significant plasticity could occur under HW conditions at loads 
approaching design limit and that modelling post-yield behaviour should be considered. Numerical work 
by Wang and Gunnion [40] confirmed this phenomena describing the flattening of bondline stresses for 
highly strained adhesive in a bonded composite scarf joints. As mentioned previously in this literature 
review, research by Kosmann, et al. [107] investigates the response of pre-flawed composite scarf joints 
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under HW conditions. The ultimate strength of the joint was determined by the load at which some point 
within the center of the bondline reaches the ultimate shear strain value. It was concluded that the 
presence of the flaw under HW conditions showed that the strength of the repair is less adversely affected 
in the presence of a flaw than compared to that of the room temp samples, where improvements in the 
predictions themselves are required. So, there is an understanding of the mechanical response of the 
bondline in pristine and pre-flawed composite scarf joints under HW conditions, however no 
methodology currently exists which describes the non-linear deformation of a ductile adhesive layer, the 
initiation and progression of damage to cause overall structural failure. In addition, no methodology is 
currently present which numerically investigates the progressive damage nature of pristine and pre-flawed 
bonded composite joints under CD conditions. A general overview of environmental modelling of bonded 
composite joints will now be considered which have been applied to other pristine joint configurations. 
Research into elastic plastic interface models with damage progression on bonded joint 
configurations is quite limited. Su, et al. [131] describes that although there has been substantial progress 
made CZM, there is an issue of current interface models inability to characterise a constitutive non-linear 
material response. There exists a need to develop constitutive models which allow for inelasticity at the 
interface prior to failure to accurately capture material non-linearity. Several current solutions to 
modelling a non-linear adhesive response is use of CZM by applying a trapezoidal rule, which has been 
practiced in the work by Campilho et al. [17] and Pinto et al. [126]. Moisture diffusion modelling has 
been investigated to some detail on aluminium and composite joints in literature with the inclusion of 
CZM to model bondline degradation [44, 132-135]. Specific HW CZM parameters had to be determined 
for various moisture content levels to correctly model the change in material performance. To simulate 
mixed-mode delamination growth with CZM, critical fracture toughness (GC), damage initiating 
displacement (δ0) and maximum interfacial strength (σmax) for modes I and II were needed and were 
determined from a variety of experimental techniques. However, as described previously, CZM does not 
have the ability to show the constitutive response of the adhesive layer, merely represent the failure 
process. 
Continuum damage models for predicting residual strength of bonded aluminium-aluminium and 
composite-composite lap joints, which have been environmentally degraded, has been carried out in the 
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past  with good success [136-138]. This approach uses a displacement/strain parameter to determine 
moisture-dependent damage initiation and progression values, with the parameters calibrated through 
mixed mode fracture toughness testing. The main advantage of this modelling approach over the more 
conventional CZM approach is a larger degree of mesh independency. Another advantage of using CDM 
over CZM is that a failure path does not need to be defined, where continuum damage models can be 
expanded to a failure region or volume. From literature, predicted joint residual strength values agreed 
well with the corresponding experimental data, while the damage propagation pattern in the model also 
predicted well, with the ability for the failure path to not only move along the length of the adhesive, but 
also through the thickness. From this review of using CDM for ductile materials, it was concluded that a 
tool provides a powerful analysis approach to model highly non-linear deformation of a joint bondline. 
However, CDM of the bondline is yet to be applied to pristine and pre-flawed bonded composite scarf 
joints over a variety of environmental and geometrical conditions. 
2.9 Critical Review 
Throughout this literature review, several key points have been identified towards the current 
limitations of bonded composite repairs in primary aerospace structures, particularly due the difficulties 
of structural certification. While significant research has been undertaken on bonded composite scarf 
joints in aerospace structures, limited effort has been applied to a thorough understanding of the initiation, 
interaction and progression of critical damage mechanisms which adversely affect the structural 
performance. Damage tolerant design approaches have been considered in the past where an assumed pre-
flaw exists in the bondline of a composite scarf joint and the residual strength is assessed, although this 
has not been assessed under various environmental conditions. It is currently unknown how critical failure 
mechanisms behave in the presence of pristine and flawed joints, whilst investigated under various 
environmental and geometrical conditions representative in aerospace structure. There is also little 
information in literature which shows a thorough understanding of how the composite and bondline 
stresses change due to the presence of damage progression throughout bonded composite scarf joints. Due 
to the complex failure behaviour of bonded composite materials it is difficult to develop a robust failure 
assessment methodology, where currently there is there is no unified theory which describes all the 
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parameter associated with composite scarf joint failure. From this thorough review of literature several 
damage progression approaches have been identified such as cohesive zone modelling, fibre reinforced 
failure models and continuum damage models for ductile failure, towards assessment of bonded 
composite scarf joints under various environmental and geometrical conditions. The combined 
application of these numerical techniques to describe the presence of major damage mechanisms, and 
interactions, is yet to be investigated in bonded composite scarf joints for these various conditions. This is 
important as current design approaches for damage assessment of bonded composite scarf joints do not 
consider the full initiation and progression of damage. There is a current need for an improved assessment 
methodology and damage tolerance design guidelines under in service conditions such that bonded 
composite scarf joints can be readily applied to primary aerospace structures. By not considering the full 
effects of damage progression in bonded composite scarf joints, application towards flight critical 
structures will remain a difficult task. These aspects will be the focus of research in the remaining 
chapters.  
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Chapter 3. Experimental Methodology & Results 
3.1 Introduction 
Despite the performance benefits, bonded composite scarf joints for repairing primary aerospace 
structures are quite limited in use. For a flight critical component, bonded repairs are not permitted when 
the residual strength of the parent structure, in the absence of the joining patch, would fall below the 
design limit load [9]. This policy heavily restricts the size of a bonded joint before less efficient fastening 
methods are used. Since damage initiation and propagation is difficult to predict in bonded composite 
joints, repairs can be largely overdesigned [7]. To improve the present status of bonded scarf joints in 
flight critical structures, “damage tolerant” assessment strategies must be considered. A simple approach 
to studying the damage tolerance of scarf joints has been adapted by considering “pre-flaws” in the 
bondline [15, 107]. This method provides a simple representation of impact damage or manufacturing 
defects, in a controlled manner. From open literature, limited studies address the structural performance 
of pre-flawed bonded composite scarf joints over a multitude of environmental and geometrical 
conditions, which are representative of aerospace structures. To develop a new validated damage tolerant 
design methodology, it is important to investigate the structural performances of pristine and pre-flawed 
bonded scarf joints under conditions truly representative of aerospace scenarios. 
This chapter reports an expansive experimental investigation to characterise the damage tolerance 
in composite scarf joints, under a variety of conditions, which have not been previously presented in 
literature. The various effects of adherend layups, scarf angles, initial flaw size/location and boundary 
conditions on the residual strength of scarf joints, under room-temperature (RT), cold-dry (CD) and hot-
wet (HW) environmental conditions, were studied. By directly comparing the structural response of these 
geometrical and environmental effects, significant new insight can be provided into the damage tolerant 
performance of bonded composite scarf joints. This chapter also focuses on understanding how changes 
in environmental and geometrical conditions adversely affect the structural performance of bonded 
composite scarf joints. Literature provides some insight into fracture surfaces of bonded composite joints 
using a high quality SLR camera, optical microscopy and Scanning Electron Microscopy (SEM). To the 
authors knowledge, no work is apparent in literature which considers a comprehensive high resolution 
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fracture morphology study of bonded composite scarf joints under a variety of environmental and 
geometrical conditions. In addition, no post failure analysis on bonded composite scarf joints has 
considered X-Ray Microtomography (μCT) for identification of internal laminate critical damage 
mechanisms. Using a combination of SEM and μCT techniques on post failure bonded composite scarf 
joints, over the plethora of test cases presented in this chapter, provides a new understanding of key 
failure mechanisms towards the goal of developing innovative damage tolerant assessment methods. 
3.2 Test Program Methodology 
To characterise the residual strength and mechanical behaviour of scarf joints, quasi-static tensile 
tests to failure were conducted. As no standard currently is available for testing adhesively bonded scarf 
repairs, the experimental work was based on ASTM 3039 [139]. All tests were conducted under 
displacement control at a constant rate of 0.5 mm/min. Testing under non-atmospheric conditions was 
conducted within an environmental chamber, while samples were being loaded in-situ within a stable 
condition. A temperature of -55°C was achieved under CD condition by injecting liquid nitrogen into the 
testing chamber. For HW testing a heating element and a fan were utilised to increase the ambient 
temperature in the chamber to 100°C. Once the correct environment was attained within the 
environmental chamber, conditions were held for approximately 10 minutes to achieve uniform 
temperature in the specimen, prior to commencing the test. Multiple thermocouples were attached to each 
test sample to measure the actual temperature experienced by scarf joints. Each experimental test case 
was conducted with three samples for statistical significance. The results presented in this thesis show the 
average of the three results while the error bars describe the maximum and minimum values for each test. 
3.2.1 Manufacturing Process and Test Matrix 
A hard patch style repair, where both sides of the repair system are pre-cured, was chosen for 
investigation in this study, where Figure 3-1 illustrates the basic layout of scarf joint cases tested in this 
thesis. Composite adherends were fabricated by an orthotropic layup using 30 plies of high-performance 
IM7/977-3 and T300/914 carbon/epoxy pre-preg. Two laminate configurations were considered. A 
primary “stiff” laminate [45/0/0/-45/90]3S composed of 40% 0° plies, 40% 45° plies and 20% 90° plies, 
and a secondary “soft” layup [-45/90/90/45/0]3S that retains only 20% 0° plies, 40% 45° plies and 40% 
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90° plies. Lay-up was performed onto a flat aluminium tool, where 400 x 400 mm composite panels were 
vacuum-bag cured, within an autoclave, at 180° C for 6 hours (IM7/977-3) and for 2 hours (T300/914), 
under a constant pressure of 100 psi. The nominal cured laminate thickness was approximately 3.9 – 4.0 
mm. Scarfed surfaces, with an angle of 3° or 5°, were machined on one side of each composite panel 
using a CNC router with tungsten carbide ball nose cutters. Use of CNC equipment ensured minimal 
manufacturing variations for research purposes. The machined surfaces were lightly abraded using 
aluminium oxide 150 grit sandpaper, and degreasing using Methyl Ethyl Keytone (MEK), as per bonding 
aerospace practice. 
    
Figure 3-1: Schematic illustration of test cases 
Bonding of the panels was achieved using an aerospace grade high-performance film adhesive 
(FM300-2K) which includes a scrim cloth. A cured bondline thickness of approximately 0.2 mm was 
achieved, which is in the range of 0.15 – 0.25 mm, shown to provide optimal performance of scarf 
bonded joints [140]. The film adhesive was initially B-staged to remove volatiles and improve overall 
curing [11]. This was done by cutting sheets of adhesive into appropriate sizes for bonding, followed by 
placing onto a flat tool, in an oven, at 80°C for 20 minutes, and then removing to cool prior to bonding. 
To create the artificial bondline flaws, thin PTFE (Teflon) release film was embedded into the bondline 
interface between the adhesive layer and composite adherend prior to the curing process. All flaws extend 
the full width of the samples. The length and locations of the Teflon inserts were varied along the 
bondline. Note that a theoretical bond length of a 3° scarf angle, on a 3.9 mm thick laminate, is 
approximately 75 mm. Thus, de-bond lengths considered in this study were 10% (7.5 mm), 20% (15 mm) 
and 40% (30 mm) of the 3° pristine bondline. Also, note the following acronyms for the types of flawed 
cases, namely no flaw (NF), tip flaw (TF) and center flaw (CF). 
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After the laminates, adhesive and Teflon film sheets were prepared, panels were assembled on a 
flat tool and secured in position with high-temperature tape. A major challenge was ensuring the right 
amount of overlap between the two scarfed panels to achieve the desired final specimen configuration 
(nominally flush). Once the panels, adhesive and PTFE insert were positioned and secured, the panel was 
covered in release film and vacuum bagged for curing. The bonded laminates were cured in an oven with 
bagging under full vacuum with an applied external atmospheric pressure, at 120°C for 120 min. This 
repair process is a currently practiced approach to aerospace repair application. Finally, the specimens 
were cut into narrow width coupons 20 mm wide on a wet diamond saw and were approximately 320 mm 
long with a maximum bond region of 75 mm located in the center of the sample. Examples of the 
manufactured specimens can be seen in Figure 3-2. The effects of boundary condition on the scarf joint 
strength of stiff laminates were also assessed by applying either a sandwich or doubler support to a single 
side of various scarf joint specimens, after the original joint had been manufactured. A full 
comprehensive description of the test matrix investigated within this thesis is presented in Table 3-1. 
 
Figure 3-2: Fabricated test specimens 
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Table 3-1: Full test matrix 
Test No. Description 
Adherend 
Material 
Flaw Length [mm]
1
 Flaw Location
2
 
Test 
Condition
3
 
Support 
Type
4 
1 3°, stiff, NF, RT IM7/977-3 0.0 NF RT N/A 
2 3°, stiff, NF, HW IM7/977-3 0.0 NF HW N/A 
3 3°, stiff, NF, CD IM7/977-3 0.0 NF CD N/A 
4 5°, stiff, NF, RT IM7/977-3 0.0 NF RT N/A 
5 5°, stiff, NF, HW IM7/977-3 0.0 NF HW N/A 
6 5°, stiff, NF, CD IM7/977-3 0.0 NF CD N/A 
7 3°, soft, NF, RT IM7/977-3 0.0 NF RT N/A 
8 3°, soft, NF, HW IM7/977-3 0.0 NF HW N/A 
9 3°, stiff, 10% TF, RT IM7/977-3 7.5 (10%) TF RT N/A 
10 3°, stiff, 20% TF, RT IM7/977-3 15.0 (20%) TF RT N/A 
11 3°, stiff, 40% TF, RT IM7/977-3 30.0 (40%) TF RT N/A 
12 3°, stiff, 20% TF, HW IM7/977-3 15.0 (20%) TF HW N/A 
13 3°, stiff, 40% TF, HW IM7/977-3 30.0 (40%) TF HW N/A 
14 3°, stiff, 10% TF, CD IM7/977-3 7.5 (10%) TF CD N/A 
15 3°, stiff, 20% TF, CD IM7/977-3 15.0 (20%) TF CD N/A 
16 3°, stiff, 40% TF, CD IM7/977-3 30.0 (40%) TF CD N/A 
17 3°, stiff, 20% CF, RT IM7/977-3 15.0 (20%) CF RT N/A 
18 3°, stiff, 20% CF, HW IM7/977-3 15.0 (20%) CF HW N/A 
19 3°, stiff, NF, RT, S IM7/977-3 0.0 NF RT S 
20 3°, stiff, 20% TF, RT, S IM7/977-3 15.0 (20%) TF RT S 
21 3°, stiff, 40% TF, HW, S IM7/977-3 30.0 (40%) TF RT S 
22 3°, stiff, NF, HW, S IM7/977-3 0.0 NF HW S 
23 3°, stiff, 20% TF, HW, S IM7/977-3 15.0 (20%) TF HW S 
24 3°, stiff, 40% TF, HW, S IM7/977-3 30.0 (40%) TF HW S 
25 3°, stiff, NF, RT, D IM7/977-3 0.0 NF RT D 
26 3°, stiff, NF, RT, D IM7/977-3 0.0 NF HW D 
27 3°, stiff, NF, RT, T300 T300/914 0.0 NF RT N/A 
28 3°, stiff, NF, HW, T300 T300/914 0.0 NF HW N/A 
29 3°, stiff, NF, CD, T300 T300/914 0.0 NF CD N/A 
30 3°, stiff, 20% TF, RT, T300 T300/914 15.0 (20%) TF RT N/A 
31 3°, stiff, 20% TF, HW, T300 T300/914 15.0 (20%) TF HW N/A 
32 3°, stiff, 20%TF, CD, T300 T300/914 15.0 (20%) TF CD N/A 
1) Theoretical flaw lengths 
2) NF = no flaw, TF = tip flaw, and CF = center flaw 
3) RT = room temperature, HW = saturated at 70°C/85% humidity, tested at 100°C, and CD = -55°C cold dry 
4) S = sandwich support, and D = doubler support 
Note that the sandwich supported cases, Nomex honeycomb cores with a thickness of 20 mm were 
used for the sandwich media, FM300-2K for bonding, and IM7/977-3 for the supporting laminate. The 
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doubler laminate consisted of a [45/0/0/-45/90]2S with a nominal thickness of 2.6 mm, while the sandwich 
was supported by a [45/0/0/-45/90]4S laminate with a 5.2 mm nominal thickness. It is worthy to note that 
during the experiment, loads were applied to the scarf joint section only, and no direct load was 
experienced by the different supports.  
3.2.2 Specimens Conditioning Process 
Three testing conditions were chosen in this study, representative of the range adopted for a high-
performance composite airframe: Cold Dry (CD) at -55°C, Room Temperature (RT) at 25°C and Hot-Wet 
(HW) at 100°C with pre-conditioning. Environmental conditioning of HW specimens was done in 
accordance with ASTM 5229 [66], where the conditioning process was conducted in an Angelantoni 
SU600 environmental chamber. The aging process occurred at 70°C and 85% relative humidity via water 
vapour. The test samples were conditioned until they were considered fully saturated, or effective 
moisture equilibrium was reached. This was done through routine measurements of small composite 
travelers cured under identical conditions. Measurements were taken of the total weight gain over the 
entire duration that the samples were subjected to conditioning. It is assumed that the majority of the 
moisture being absorbed occurred in the laminates through thickness direction. Samples were not pre-
dried before the conditioning process and were placed in the environmental chamber post manufacture 
with no additional treatments. An example of the moisture absorption profiles and rates for both IM7/977-
3 and T300/914 specimens are presented in Figure 3-3. 
 
Figure 3-3: Moisture absorption curves 
The purpose of conditioning was to fully saturate the samples that was achieved through the 
aforementioned periodic measurements until less than a 0.01% weight gain was achieved over two weeks 
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where samples were in the conditioning process for up to 280 days (6650 hours). Note that this length of 
saturation was only for the T300/914 specimens. As the IM7/977-3 specimens reached saturation earlier, 
they were removed from the chamber at approximately 220 days (5250 hours). The travelers were left in 
the chamber for continual measurements.  
As testing of the scarf specimens could be conducted under various temperatures only, without the 
adjustment of relative humidity, it is expected to have a moisture loss in the specimens during testing. At 
the end of saturation, the traveler specimens were removed from the environmental chamber and placed 
into an oven at 100°C for 20 minutes, or the approximate time to complete one test. After being in the 
oven they were immediately cooled and measured to determine any significant weight loss during testing. 
The IM7 specimens exhibited a weight loss of approximately 0.04% while T300 specimens lost 
approximately 0.08%. Both of these values are below 10% of the total weigh gained during saturation, 
and therefore it was determined that drying of the specimens during testing would not be a significant 
factor in the results discussion. 
3.3 Fractographic Analysis Method 
Surface morphologies of fractured specimens were examined using a FEI Quanta 200 ESEM.  An 
accelerating voltage of 20 kV and a working distance of 10 mm was used to obtain secondary electron 
images. Prior to examination, the fractured specimens were gold coated using an SPI module sputter 
coater to minimise any chances of charging. To investigate the extension of interlaminar delamination and 
possible unseen damage within scarf joints tested under different environmental conditions CT scanning 
was conducted. For the CT scanning, a GE Phoenix ‘v|tome|x s’ with an acceleration voltage of 200 kV 
was utilised. A voxel resolution size of approximately 32 μm was used during the scanning, and as such 
allows for 4-5 data points through each ply thickness. 1000 image projections were recorded per sample 
with image exposure times set to 100 ms intervals. 
In the scarf joints tested under RT and CD condition, a general observation was that a significant 
portion of the adhesive was left on a single side of the specimen, with primarily composite failure of the 
opposing laminate occurring. The substrate with the adhesive primarily left on was analysed using the 
SEM. For the opposite surface where large composite failure/delamination was present, CT scanning was 
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conducted to encapsulate the internal failure that cannot be observed from external surface analysis (see 
Figure 3-4). As the adhesive could be largely present on both failed surfaces tested under the HW 
condition, the substrate with a greater portion of the adhesive was analysed using SEM imaging while the 
CT scanning was used to investigate the fracture behaviour of the opposing side of the joint.  
 
Figure 3-4: Schematic illustration fractured surfaces used for CT and SEM analysis 
3.4 Experimental Results 
Experimental results will be broken down into several subsections to discuss trends for individual 
test groups. Once all the individual assessments have been made a complete comparison will be 
conducted across all the experimental results. In general, all cases will be compared to the 3° pristine 
scarf joints, which provides the reference benchmark in performance for this thesis. Discussion of the 
macro-level fracture response is conducted with simplified failure path diagrams provided. High 
resolution SEM and CT tomography is then used to describe enhanced features to understand what 
mechanisms are crucial for numerical modelling. 
3.4.1 Environmental Unsupported Flaw Effects 
The effects of the environmental condition, on the criticality of bondline flaws, in “stiff” scarf 
joints are shown in Figure 3-5 for IM7/977-3 cases. Specimens with a scarf angle of 3° and various 
bondline flaw locations and sizes were tested under RT, CD and HW conditions. The presence of a 
bondline flaw was found to be critical under RT and CD conditions in comparison to HW environmental 
results. The tensile failure of the scarf joints under RT and CD conditions exhibited a significant 
reduction with the increase of tip flaw size up to 15 mm (20% of the bondline length) while a negligible 
further reduction was observed for flaw sizes larger than 15 mm. Specimens tested at RT with a tip flaw 
of 30 mm length (40% of the bondline) retained 30% of their pristine strength, while the same specimens 
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under the CD condition exhibited 35% of their corresponding pristine strength, showing that the CD 
specimens have higher relative performance. HW samples showed the lowest sensitivity to environmental 
effects, and was also identified as the lowest performing condition. In terms of relative performance 30 
mm TF specimens (40% of the bondline) retained 78% of the pristine HW strength. Although the HW 
case may be the lowest performing case, the sensitivity to the existence of pre-flaws is extremely low. 
Centre flaw specimens also exhibited some interesting behaviour under RT and HW conditions. 
For the RT case, the specimens with a CF retained 61% of their pristine load-carrying capacity, which is 
noticeably higher than that of the tip flaw repair. By moving the flaw from the scarf tip to the center of 
the bondline, any load path eccentricity and peeling of the bondline due to the crack opening phenomena 
is removed. The effect of flaw location under HW conditions was not same as described for the RT case. 
It was observed that under a HW condition, CF specimens lost performance compared to the TF case, 
where only 75% of their pristine strength remained. This is slightly less than the 40% strength retention of 
the TF case under the same environmental condition. This behaviour can be attributed to the complex 
stress state of highly strained adhesives under the HW conditions [63]. In addition to these comments, 
numerical results presented in section 4.4.2 and 4.4.3 help to describe the variation in stress intensity at 
the crack tip between TF and CF cases. This becomes important as the crack tip stress field will be 
different for joints with various flaw locations. From analysis of the bondline, it was noted that the 
presence of a TF presented a greater stress intensity factor in comparison to a CF joint. Appendix D, E 
and F provides a full assessment of the stress state, in both the composite adherend and bondline, across 
all joint configurations and environments. 
To fully understand the observed failure behaviour, fracture surfaces of scarf joints tested under the 
different environmental conditions were macroscopically examined. For the pristine specimens, pulling 
out of 90° plies was predominant across all RT, CD and HW cases. An example of the three 
environmental conditions on pristine repairs is shown in Figure 3-6. This phenomenon can be correlated 
to the matrix failure. For scarf joints tested under RT and CD conditions, the failure path was consistent 
along a single adhesive/adherend interface, which defines a relatively simple failure path for failure 
analysis. A far more complicated cohesive/adhesive type of failure was observed in specimens tested 
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under HW condition that resulted in portions of adhesive to be left on both adherend surfaces mixed with 
composite failure.  
 
Figure 3-5: Effect of environmental condition on the residual strength of flawed, unsupported scarf joints (IM7/977-3) 
 
 
Figure 3-6: Fracture surfaces of failed 3° pristine samples under RT, CD and HW conditions 
Analysing the behaviour further, fracture surfaces of scarf joints with a tip flaw subjected to tensile 
loading is shown in Figure 3-7. In all flawed specimens tested under RT, CD and HT conditions the 
failure path initiated at the tip flaw, then proceeded to jump across the adhesive to the opposing bonding 
interface before running along the scarfed boundary. This failure behaviour is also schematically shown 
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in Figure 3-7. For a small number of RT specimens, it was observed that the crack would cross back to 
the original adhesive/composite interface once or several times prior to complete separation. However, 
this observation is not significantly prominent. In general, the CD samples exhibited a crack path that 
jumps across the adhesive and progress along the opposing adhesive/composite interface without jumping 
back to the initial interface. Scarf joints under CD showed very similar features to the RT specimens 
however with greater levels of composite failure. The HW samples consistently displayed erratic jumping 
across along the length of the bondline. In general, for all tip flaws the presence of composite damage 
increases compared to the pristine counterparts. This was particularly true for RT and CD samples 
showing a greater failure of the 45° and 90° plies. Due to the presence of a tip flaw there is an inherent 
need for the initial crack to open up, with increased levels of load. Because of this load path eccentricity 
and crack opening greater peel stresses are being subjected to the effective bonded region of the joint. As 
the peel stress begins to increase, greater levels of composite along the adhesive/adherend interface also 
begins to peel up. This is done so to a point where the interlaminar strength properties of the laminate are 
exceeded and cause composite failure along the interface. For HW TF cases, there was an observed 
increase in overall composite failure, however to a much smaller degree compared to RT and CD cases, 
where adhesive/cohesive failure was still strongly prominent. 
 
 
Figure 3-7: Effect of tip flaw on the fracture behaviour of 3° joints under various environments 
For specimens with a centrally located flaw, the observed failure mechanisms were somewhat 
different from the pristine and TF cases (see Figure 3-8). For the RT case, it seems that as the crack 
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progresses from the pre-flaw the failure path is not tending strongly to an adhesive/adherend interfaces, 
indicating some cohesive failure. For both pristine and TF specimens, the fracture surface was dominated 
by composite failure, particularly around the 45° and 90° ply regions. With the HW test condition present, 
the failure path immediately jumps towards the adhesive/adherend interface from the pre-flaw. The 
damage propagation will continue to remain on the interface where instances of cohesive failure is present. 
From analysing the fracture surfaces, it can be observed why the HW CF results are inferior to the HW 
TF data. As the failure path for the HW-CF specimens was largely located along the joining interface, one 
can assume that the weaker composite interlaminar properties, in comparison to that of the adhesive, is 
dictating the damage progression. In addition, there could be complex failure phenomena of the adhesive 
layer which is difficult to capture experimentally. 
 
 
Figure 3-8: Effect of center flaw on the fracture behaviour of joints under various environments 
SEM micrographs of pristine scarf joints tested under RT and CD environmental conditions are 
provided in Figure 3-9, which refers to a 3°, stiff, NF, unsupported joint. Similar fracture features were 
identified for both RT and CD pristine specimens, regardless of the testing environment. Note that the 
composite surface being analysed in Figure 3-9 is covering over the adhesive layer as described in Figure 
3-4. So, in fact the composite material that is being analysed is from the opposing bonded adherend. 
Furthermore, failure of the 90° plies in scarf joints tested under the CD condition shows increased 
severity when compared to the RT cases. This has been identified by composite failure extending all the 
way up to the next ply interface. Therefore, is it now confirmed from previous visual speculation that 
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there are greater levels of composite failure is occurring due to the CD condition. Observation of the 0° 
fracture surface shows lower levels of composite failure, in comparison to the 90° plies, with evidence of 
adhesive prevailing through the thin layer. Finally, for the 45° plies, a mixed level of failure, described for 
the 0° and 90° case, was observed. Comparing the fracture surfaces to previous experimental results in 
Figure 3-5, it is shown that the lower performing CD case has greater levels of composite failure 
compared to the RT specimens. This composite based failure along the scarf bondline was generally 
observed for all RT and CD pristine repair cases. 
 
Figure 3-9: SEM micrographs of 3° pristine IM7/977-3 scarf joints tested under RT and CD conditions 
The fracture surfaces of the pristine scarf joints tested under HW condition were identified as being 
more chaotic than that of the RT and CD cases. The failure mechanism for the 0° and 45° plies can be 
described as a combination of composite, adhesive and cohesive failure for all HW pristine cases. The 90° 
ply locations on the other hand tend to show dominance of composite based fracture, despite the humid 
testing condition. Failure surfaces at different orientations are directly compared in Figure 3-10.  
From analysis of the fracture surfaces the effects of environmental degradation begins to emerge. 
Although the fracture surface of the HW cases can show greater chaos in the overall failure, closer 
inspection of the composite surface (Figure 3-11) shows a cleaner disbonding between the matrix and 
fibres. This is expected as the conditioning process will adversely affect the matrix as well as fibre/matrix 
interfacial properties. Therefore, failure of the adhesive and polymeric matrix due to environmental 
   RMIT University, Australia 
75 
 
conditioning needs to be understood as two separate entities. These entities can either dominate the 
overall failure individually, or work together in determining overall joint performance. 
 
Figure 3-10: SEM images of pristine IM7/977-3 scarf joints tested under HW condition 
 
Figure 3-11: IM7/977-3 fracture surfaces for 0° ply at different environmental conditions (3° pristine unsupported) 
Analysing the fracture surfaces of the scarf joints with a TF under the SEM now reveals the 
presence of adhesive carrier (scrim) cloth along the failed interface, see Figure 3-12. The presence of the 
scrim cloth only appears in RT and CD samples at the opposite end of the pre-flaw location. The exposed 
cloth is surrounded by composite matrix failure and presented in regions where 0° and 45° plies exist. 
This feature of the expose scrim cloth is thought to be due to large peel stresses during failure causing the 
composite to tear up from the joint region. That is, as the failure initiates from the pre-flaw and continues 
to propagate down the length of the bondline, greater peeling becomes apparent due to the increasing load 
path eccentricity. The fact that the scrim cloth is only present at the far end of the bondline further proves 
this theory. Large levels of composite based failure for the 90° plies was present on tip flaw samples 
across all test conditions, particularly for RT and CD cases. For the HW TF case, failure characteristics 
were similar to the features of the HW pristine stiff case, although with less severity in the overall fracture 
roughness. 
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Correlating the TF strength results to the observed fracture topology, further strengthens the 
relation of composite and adhesive failure interactions on joint performance. Referring to Figure 3-5, the 
ultimate strength of the flawed scarf joints, tested under RT and CD conditions, was quite sensitive to the 
presence of a flaw. Observing the fracture surfaces, it is shown that greater levels of composite failure can 
be found in RT and CD TF specimens. With these larger levels of composite failure, induced from the 
increase in peel stresses by introducing the TF, the large reduction in strength can be deduced. For the 
HW test condition, experimental results show that there is very low sensitivity due to the presence of a TF. 
Observing the fracture topology for the HW TF case, there is a mix between failure of the composite and 
adhesive layer. Recall earlier that having a good mix of failure mechanisms helps to optimise joint 
strength. Although the failure strength between pristine and TF HW cases is quite similar, the fracture 
surfaces begin to differ.  
 
Figure 3-12: SEM micrographs of IM7/977-3 scarf joints with a tip flaw under various environmental testing conditions 
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3.4.2 Adherend Layup Assessment 
The sensitivity of adherend layup to environmental changes was investigated using scarf joints 
fabricated based on the “soft” and “stiff” layup, and the results are presented in Figure 3-13. These cases 
do not consider bondline flaws and presented to create contrast in the experimental test plan.  For the RT 
case, the “stiff” layup showed greater performance than that of the “soft” layup which could be attributed 
to the lower percentage of 90° plies.  
 
Figure 3-13: Effects of laminate layup under various environments for 3° scarf angle 
By having a greater number of 90° plies along the load bearing axis, significant reductions in 
damage initiation stresses are expected due to low transverse ply strength properties. However, this is not 
the case for the specimens tested under the HW environment where the increased ductility of the “soft” 
layup has shown to enhance the performance of the joint in comparison to the “stiff” layup. It is 
interesting to note that for the “stiff” layup there was a 71% loss in the failure stress when the testing 
environment changed from the RT to HW condition; where under the same situation, the strength 
deterioration for the “soft” layup was only 57%. It is possible that having a soft layup presents far greater 
locations where damage can initiate from in both the adhesive and adherends, coupled with larger 
inelastic deformation, that requires more energy (or applied work) to be consumed before total failure. 
Therefore, it can be concluded that the scarf joints based on “soft” layup are less sensitive to 
environmental changes from RT and HW conditions.  
As with previous cases the fracture surfaces will be discussed in detail. In general, for the soft joint 
tested at RT, the failure path is consistent with what is observed for the “stiff” laminate repair case. That 
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is the failure path strongly remains along a single adhesive adherend interface. The level of composite 
failure is significantly greater on repairs with soft layups, particularly at the scarf tips and 45°/90° ply tip 
locations along the length of the scarf. For the HW soft laminate specimens there was significant levels of 
cohesive layer present in the adhesive layer, but also greater levels of composite damage along the 
interface compared to the stiff laminate specimens. 
 
 
Figure 3-14: Effect of laminate layup on the fracture behaviour of joints under various environments 
The severity of composite failure does vary between stiff and soft pristine joints. For example, 
there are even greater signs of composite failure identified in the soft joints in comparison to the “stiff” 
pristine case. This observation is also true for the HW test condition, just highlighting the severity of 
composite degradation due to the environment. An example of the fracture surfaces observed in a pristine 
soft scarf joint is presented in Figure 3-15. 
The increase in composite failure for the pristine soft layup case can be attributed to a greater 
portion of 90° plies, which have a significantly lower failure strength in comparison to the 0° plies, 
coupled with environmental conditioning that further degrades the transverse ply properties. Referring to 
the ultimate strength results in Figure 3-13 it was shown that the stiff pristine specimens tested at RT 
outperforms the soft repair, while the opposite is seen under the HW test condition. For the soft RT cases, 
greater levels of composite failure are being observed, leading to a lower failure strength compared to the 
stiff pristine case. In the presence of HW conditions, the soft repair appears to have a mix of both 
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composite and adhesive damage, while the stiff repair presents largely chaotic failure of the adhesive 
layer. From these results, it seems that striking an optimal balance between composite and adhesive 
failure provides greater performance. 
 
Figure 3-15: SEM micrographs of 3° pristine IM7/977-3 soft scarf joint 
3.4.3 Effect of Scarf Angle 
Several studies have found that the scarf joint performance tends to decrease with increasing scarf 
angle [10, 22, 23]. To investigate the damage tolerance effects of scarf angle on the load-carrying 
capacity of the joint under different environmental condition, joints with a scarf angle of 5° (a repair 
angle commonly observed in aerospace situations) were also tested at RT, CD and HW environmental 
conditions. No 5° pre-flawed specimens were considered in this study and are presented to create contrast 
in the experimental test plan. Figure 3-16 illustrates the measured strength of the 3° and 5° under various 
environmental conditions.  
It was found that the sensitivity of the failure strength to scarf angle noticeably changes with 
environmental conditions. Under the RT condition, there was a 55% reduction in the joint strength, for a 
scarf angle of 5°, in comparison to the 3° pristine joint. Note that there is a 54% decrease in the bondline 
length from a 5° to a 3° joint. The relative performance loss of the specimens under HW conditions, from 
21% to 30% for scarf joints with 5° and 3°respectively, was not proportional to the reduction of the 
bondline length. This alone describes that methods to predict joint strength cannot be based solely on the 
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reduction of joint length. Unlike the 3° case where there is a noticeable decrease in the strength from RT 
to CD conditions, the 5° repair shows much lower levels of sensitivity to the presence of CD environment. 
Analysing the fracture surfaces of the 5° joints gives further variation compared to that of the 3° cases.  
 
Figure 3-16: Effects of scarf angle under various environments 
 
 
Figure 3-17: Fracture surfaces of failed 5° pristine samples under RT, CD and HW conditions 
The general failure response of the 5° pristine scarf joint specimens, tested under each environment 
is shown in Figure 3-17. The failure response for the 5° case shows differences between the RT and CD 
conditions, whereas for the 3° pristine joints the fracture path is quite similar. From previous observations 
of the 3° pristine joints (see Figure 3-6), RT and CD conditions gave composite fracture surfaces which 
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primarily ran along a single adhesive/adherend interface. The 5° RT specimens does indicate composite 
failure, however the failure path often jumps from interface to interface, primarily around the 90° ply 
locations, showing a much rougher surface compared to the 3° case. For the 5° CD specimens, the failure 
path would remain along a single interface for a significant portion of the bond length, only to cross over 
to the opposing adhesive/adherend interface near the scarf tip region. Both 5° RT and CD specimens 
showed greater levels of composite failure, particularly around the 45° and 90° ply tip locations. This is 
expected as steeper levels of scarf angle will induce greater levels of peel stresses, and lower shear 
stresses. As the peel stresses are increasing, it is evident that the composite polymer matrix is suffering. 
The 5° HW specimens did show very distinct similarities compared to the 3° cases, with chaotic cohesive 
fracture surfaces. However, there appears to be increased levels of composite damage at the 
adhesive/adherend interface. An example of the 5° pristine scarf joint fracture surfaces can be seen in 
Figure 3-18. 
 
Figure 3-18: SEM micrographs of 5° pristine IM7/977-3 scarf joints tested under RT, CD and HW conditions 
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As mentioned above, the 5° case also showed greater signs of composite failure compared to the 3° 
pristine stiff repair case, which has been attributed to greater peel stresses in the joint due to the steeper 
scarf angle. Experimentally measured strength results, shown in Figure 3-16, describe that the 
performance of the 3° joint was much greater than that of the 5° case, which can also be related back to 
the fracture surface topology. The primary failure mechanism identified are large levels of composite 
damage, with some presence of adhesive failure on the HW condition. These larger levels of composite 
failure correspond to the lower performance of the 5° joint. 
3.4.4 Joint Support Conditions 
In some cases, bonded composite repairs can be applied onto sandwich structures, meaning the 
inside of the repair is being supported. In other circumstances, bonded composite repairs can have an 
additional doubler patch bonded over the entire outer region of the repair location as it is thought to 
provide additional protection from the environment and impact events. In designing a robust test program 
evaluating the damage tolerance performance, these types of supported joints should also be considered. 
Considering the significant effects of bondline flaws on the failure behaviour of a scarf joint, one would 
suspect that supporting joints with defects in the bondline would strongly dictate changes in the failure 
mechanisms from previous unsupported cases. In this instance, the crack is now restricted from opening 
and hence limits the failure in the joint to predominantly shearing. To investigate the effectiveness of 
supporting methods, scarf joints with a sandwich support or bonded composite doubler were tested under 
RT and HW conditions. Figure 3-19 illustrates the failure stress of pristine sandwich supported scarf 
joints, as well as those with a tip flaws.  
As a sandwich repair is protecting one side of the joint from the humid environment during 
conditioning, there is expected to be a level of moisture absorption asymmetry through the thickness of 
the joint. This would also be the cases for the HW TF supported specimens, however to a lesser extend as 
the TF location is adjacent to the sandwich. The location of the TF is within the bondline, which is not 
exposed directly to moisture, and is ineffective from carrying load in the first instance due to the disbond. 
A depiction of the fracture surfaced for the pristine and TF sandwich supported scarf joints is presented in 
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Figure 3-20. From a macro perspective, it can be seen the fracture surfaces of sandwich supported 
specimens show distinct similarities to those of the unsupported cases.  
 
Figure 3-19: Effect of support on residual strength of pre-flawed scarf repairs 
 
Figure 3-20: Effect of sandwich support on the fracture behaviour of joints under various environments 
The addition of the doubler onto a pristine repair had an adverse effect on the failure stress of the 
scarf joint, as presented in Figure 3-21. By analysing the RT results the failure stress for a specimen with 
a bonded doubler, is less than that of the unsupported pristine case. Note that the ultimate strength for the 
doubler supported joints are determined from the thickest part of the cross section, which is 
approximately 7 mm, while for all other join cases the failure stress thickness of approximately 4 mm.  
The reason for this loss in performance between unsupported and doubler supported can be 
attributed to: (i) the eccentric loading (and hence bending moment) due to the additional material added to 
the joint and (ii) the execution of the doubler termination where large stress concentrations can arise. Note 
that this is not a study to design appropriate doubler joints as literature describes correct procedures [98]. 
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The purpose of adding the doubler joints is for further contrast in the test program for research 
considerations. Comparison of the pristine and doubler HW results show very little sensitivity to the, as 
illustrated in Figure 3-21. Analysis of the fracture surfaces gives better insight into the strength 
performance results as shown in Figure 3-22. From literature, there is a thickness limit for joints with an 
applied doubler at the patch termination. Induced peel stress failures in composite laminates with 
excessive doubler tip thicknesses becomes apparent without correct design [98]. This statement holds true 
for the present doubler test case at RT, where the failure path extends from the doubler termination into 
the first scarf joint surface ply. For the HW doubler joint, cohesive failure is apparent along the doubler 
bondline. Analysis of the scarf fracture surfaces themselves also show distinct similarities to previous 
unsupported pristine test cases. That is predominantly composite failure for RT and CD cases, and 
cohesive/adhesive for HW conditions. 
 
Figure 3-21: RT vs HW doubler support results 
It should be noted that the doubler applied in this study is not representative of one applied to a 
repair, as a doubler of this thickness would have tapered ends. However, it is not possible to draw 
conclusions about the merit of a doubler for repair damage tolerance from these experimental result alone, 
as it has been shown in literature the addition of a doubler can protect a repair from impact damage [106, 
114]. 
Some coupons from the support cases showed two distinct load drops during the loading process, 
as opposed to a single loss in load-carrying capability once the ultimate strength had been reached. Load-
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displacement results for the supported joints are shown in Figure 3-23. The doubler clearly has the effect 
of stiffening the joint showing an increased slope in comparison to that of the sandwich support 
specimens. Depictions of the failure paths have also been identified in Figure 3-24. 
  
Figure 3-22: Effect of doubler support on the fracture behaviour of joints under various environments 
 
Figure 3-23: Load-displacement response for no flaw doubler (D) and 30 mm tip sandwich support (S) cases at RT 
For TF sandwich support cases, the first load drop corresponds to interlaminar delamination of the 
composite propagating from approximately the end of the inserted pre-flaw, shown as path A in Figure 
3-24. This is approximately near a 90° ply termination where transverse fibre failure can occur. The joint 
would continue to accumulate load until ultimate failure would occur by fracturing along path B and 
tearing of the sandwich. Scarf joints with a sandwich support that did not exhibit the initial load drop 
simply failed along path B with no delamination of the primary composite. For pristine sandwich support 
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specimens, there was no sign of this two stage failure process, indicating that the pre-flaw is creating this 
two stage load drop phenomenon. 
In all doubler specimens, the failure initiated from the doubler termination where the crack 
propagated through the outer 45° ply and interlaminar splitting along first and second ply of the bonded 
adherend occurred. Two types of failure paths were observed for the doubler supported joints that 
correspond to load-displacement behaviour shown in Figure 3-23. Referring to Figure 3-24, the first 
failure type produced a single load drop where delamination along path B from the end of the doubler, 
and fracture along path C occurred simultaneously. However, for the second failure type, the initial load 
drop corresponds to delamination along path A, from the doubler end, where the joint would continue to 
carry load until failure along path C occurred, and hence the joint loses its load bearing capacity. 
  
Figure 3-24: Failure paths observed in sandwich and doubler supported joints 
SEM images have produced fracture surface results for pristine sandwich and doubler supported 
cases under a RT environment, and are presented in Figure 3-25. The addition of both types of supporting 
condition saw a noticeable increase in composite failure from unsupported specimens. For example, from 
the previous 3° pristine unsupported results, tested at RT (see Figure 3-9), evidence of adhesive failure 
was present for the 0° and 45° ply regions. Focusing on the sandwich support case, it is evident that the 
fracture surface is dominated by composite failure only, with the presence of scrim cloth from the 
bondline. For the doubler supported case, the level of composite failure is increased further across all ply 
orientations. 
Further complexity becomes apparent in the fracture surface response when analysing the results 
for HW supported scarf joints. Due to the presence of the sandwich or doubler support, both sides of the 
scarf joint are being unequally exposed to moisture from the ambient environment. A depiction is 
presented in Figure 3-26. Due to this asymmetry in moisture absorption, full saturation of the bondline is 
not achieved, as all supported specimens have been subjected to an identical conditioning regime to the 
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unsupported specimens (see Figure 3-3). Although full saturation is not achieved, this scenario is 
expected to be more realistic of an aerospace environment where large amounts of moisture would be 
exposed from a single side of a primary structure such as the skin. 
 
Figure 3-25: SEM micrographs of supported IM7/977-3 pristine scarf joints tested at RT 
 
Figure 3-26: Sandwich and doubler support moisture exposure example 
Analysing the fracture surfaces in Figure 3-27 and Figure 3-28, for HW pristine joint cases, show 
that this asymmetrical moisture absorption has quite an influential effect on the failure mechanisms along 
the length of the bondline. SEM images presented in Figure 3-27 illustrates damage occurring within the 
bondline and joint interface, which is in the moisture exposed region for both sandwich and doubler 
support cases. Observing the exposed region shows that the failure phenomena begins to resemble that of 
the unsupported pristine case as shown in Figure 3-10, where the adhesive damage is somewhat chaotic, 
whilst also identifying failure of the composite. The levels of composite failure for both the supported 
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cases are more substantiated than the unsupported pristine case. Recall that for RT specimens the pristine 
doubler and sandwich support results had a noticeable increase in composite failure (see Figure 3-25) 
compared to its unsupported counterpart. It is expected that the HW supported joints also exhibit an 
increase in composite failure, due to the change in boundary conditions. Based on this, it is assumed that 
the increased levels of composite failure will not be due to the saturation asymmetry alone. 
Focusing on the fracture surface, at the unexposed end of the bondline for the pristine doubler and 
sandwich supported joints, shows that little to no adhesive failure is present (see Figure 3-28). This region 
of the bondline can be thought to be undergoing hot-dry testing, due to the lack of moisture. No 
significant change was observed for the 90° ply failure response between the exposed and unexposed 
bondline regions. It can also be noticed that voids are present in the fracture surfaces for the unexposed 
region of the bondline. It is thought that the reason for these features presenting themselves is similar to 
the existence scrim cloth in the TF specimens (see Figure 3-12). As the composite and adhesive is largely 
affected by moisture in the exposed region, this is assumed to be the damage initiation location. As the 
failure progresses along the length of the bondline, the level of peel stresses will to rapidly increase. Once 
the failure path is progressing through the unexposed region of the bondline the composite is being peeled, 
up promoting voids to appear. 
 
Figure 3-27: SEM micrographs of supported IM7/977-3 pristine scarf joints tested at HW (exposed region) 
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Figure 3-28: SEM micrographs of supported pristine IM7/977-3 scarf joints tested at HW (unexposed region) 
Comparison of the TF sandwich supported fracture surfaces (see Figure 3-29), which have been 
tested under a RT environment, illustrates a very similar failure response to the unsupported TF cases 
previously presented in Figure 3-12. 
 
Figure 3-29: SEM micrographs of supported IM7/977-3 TF scarf joints 
 The presence of scrim cloth at the 0° and 45° plies is evident. The 90° plies also have a large 
rupture, indicated by large tears present in the SEM images. For the sandwich supported and unsupported 
TF specimens tested at RT, the fracture surfaces are quite similar. Analysis of the HW TF sandwich 
supported fracture surface gives indication that both failure of the composite and adhesive is occurring. 
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However, there is now significantly more failure of the bondline as observed by the patches of remaining 
adhesive on the fracture surface. For the HW supported TF cases it was also observed that the variation in 
fracture surface along the length of the bondline was minimal by comparison to the pristine HW 
supported specimens. As the pre-flaw is located in the unexposed moisture region, the “dry” area of 
adhesive is ineffective towards carrying load. Thus, the remaining area of effective bondline more 
adversely affected. 
3.4.5 Composite Degradation Analysis 
To help understand the damage behaviour of bonded scarf joints further a comparison between two 
different material systems have been made. By doing this comparison an understanding begins to emerge 
on the effects of the environments into the composite substrate. Full results are presented in Figure 3-30 
which compares the ultimate failure strength of IM7/977-3 and T300C/914 bonded scarf joints. From the 
results it is evident that for the RT and CD cases the IM7 joints out performs the T300 joints for both 
pristine and 20% TF cases. This is expected as the IM7/977-3 material properties are greater than that of 
the T300/914. An example of the available properties for comparison of the RT case is presented below in 
Table 3-2.  
 
Figure 3-30: Combined IM7/977-3 vs T300/914 strength results 
The loss of performance in the T300/914 specimens is largely prevalent for the pristine CD case. 
On the other hand, the T300/914 HW results had shown an improvement in strength predictions, despite 
being bonded with the inferior adherend and absorbing a substantially greater amount of moisture as 
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shown in Figure 3-3. It is possible that by absorbing more moisture, greater composite failure is present. 
With increasing the severity of composite failure, in conjunction with failure of the adhesive layer, more 
energy is being consumed during the loading process which can ultimately lead to a higher ultimate load. 
Examination of the fracture surfaces gives more insight into the phenomena as presented in Figure 3-31 
and Figure 3-32.  
Table 3-2: IM7/977-3 and T300/914 material properties 
Elastic 
Constants 
Cytec 
IM7/977-3 
HexPly 
T300C/914 
Strength 
Properties 
Cytec 
IM7/977-3 
HexPly 
T300C/914 
E1 (MPa) 164,100 129,000 σ1ult
T
 (MPa) 2,825 1,434 
E2, E3 (MPa) 9,860 8,500 σ1ult
C
 (MPa) 2,275 1,318 
G12, 13 (MPa) 4,950 4,700 ε11ult
T
 0.0172 n/a 
G23 (MPa) 2,944 2,800 σ2ult
T
 (MPa) 66 49.1 
ν12, ν13 0.33 0.34 σ2ult
C
 (MPa) 275 200 
ν23 0.34 0.5 ε22ult
T
 0.0067 n/a 
   
τ12ult, τ13ult (MPa) 110 103 
   
τ23ult (MPa) 130 103 
   
γ12ult 0.0223 n/a 
      
Figure 3-31: T300/914 pristine joint fracture surfaces for RT, CD and HW tested condition 
     
Figure 3-32: T300/914 20% TF joint fracture surfaces for RT, CD and HW tested conditions 
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Analysis of the fracture surfaces shows that by comparison to the IM7/977-3 images presented in 
Figure 3-6 and Figure 3-7, the T300C/914 specimens exhibit a greater amount of composite failure under 
RT and CD conditions. For the HW cases it is observed to be a complex mix of cohesive and composite 
failure along the length of the bondline, although difficult to identify. For the T300/914 specimens the 
observed failure path is very similar to that identified in the previous IM7/977-3 analysis, as illustrated in 
Figure 3-6 and Figure 3-7. The ultimate strength results presented in Figure 3-30 do not truly capture the 
relative performance as there are variances in manufacturing between the two material cases. The largest 
variance is a reduction in the bondline length for the T300/914 specimens of up to 6mm compared to the 
IM7/977-3 joints. As such a shallow scarf angle of 3° is manufactured, marginal variances in this value 
can alter the bondline length quite noticeably along with other factors such as correct overlapping of the 
joint during the bonding process. An example of marginal angle variation vs effective bond length for a 
3.9 mm thick pristine case is presented in Table 3-3, which highlights how sensitive the effective bond 
length to scarf angle is to manufacturing variation. 
Table 3-3: Theoretical manufacturing variation in effective bond length of scarf joints 
Scarf Angle 
(degrees) 
Theoretical Bond 
Length (mm) 
2.5 89.4 
3.0 74.5 
3.5 63.9 
 
To assess the true effective performance, the average shear stress has been calculated and 
compared for each case. This was accomplished by dividing the component of the applied failure load 
along the scarf angle (ie shear force), by the measured effective bond length of each failed coupon. These 
normalised results are presented in Figure 3-33 and Figure 3-34. The ultimate shear strength values of 
FM300-2K have also been presented in Table 3-4.  
Table 3-4: FM300-2K Ultimate Strength Properties 
Test 
Condition 
Ultimate Shear 
Strength (MPa) 
RT 49.8 
CD 42.1 
HW 18.8 
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Figure 3-33: IM7/977-3 vs T300/914 at a) RT and b) CD conditions 
 
Figure 3-34: IM7/977-3 vs T300/914 at HW condition 
The purpose of adding these ultimate strength properties is to further emphasise that for all three 
environmental conditions the adhesive layer does not give a true indication of the joint performance. By 
comparing the average shear strength of each case to the ultimate shear strength presented in Table 3-4, it 
can clearly be seen that the joint failure values fall largely short of the adhesives full potential. Recalling 
the experimental strength comparison made between T300/914 and IM7/977-3 in Figure 3-30, the results 
showed that for RT and CD cases the T300/914 was the inferior adherend material, whilst for HW results 
the IM7/977-3 was the lowest performer. SEM micrographs which have been taken on pristine and TF 
T300/914 cases in Figure 3-35 and Figure 3-36 helps to clarify these results.  
a) b)
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Figure 3-35: SEM micrographs of T300/914 pristine scarf joints tested at RT, CD and HW conditions 
For RT and CD conditions there appears to be a noticeable increase in composite failure, 
comparing back to Figure 3-9 and Figure 3-12, for both pristine and TF tests. The increased level of 
composite failure on the T300/914 joints is also significantly present for the HW pristine case (compare 
to Figure 3-10) with also a marginal increase in composite damage for the TF case (compare to Figure 
3-12). What appears to occur for RT and CD conditions, is that the change from IM7/977-3 to T300/914 
repaired joints leads to a loss in performance with increased levels of composite failure. Whilst for the 
HW case, there are also increased levels of mixed failure between the composite and adhesive, hence an 
increased level of joint performance. In the instance of the RT and CD specimens, composite failure 
seems to be the primary failure mechanism dictating the joint strength. Thus, all of the applied work into 
the joint is being aimed towards failure of the composite. For the opposing instance of the HW specimens, 
failure of the joint appears to be a complex mix of adhesive and composite. Therefore, in the T300/914 
HW situation the applied work is being aimed towards a combination of failure towards both adhesive 
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and composite, unlike the IM7/977-3 cases where large levels of adhesive/cohesive failure is present. The 
T300/914 and IM7/977-3 unsupported TF fracture surfaces appear to be quite similar and hence show 
marginal difference in strength predictions.  
 
Figure 3-36: SEM micrographs of T300/914 TF scarf joints tested at RT, CD and HW conditions 
3.4.6 Micro CT Analysis 
Micrographic analysis using SEM has given great insight into the fracture surfaces of the failed 
joints for various conditions. However, this technique is limited to focus only on surface features. By 
applying μCT analysis, greater depth into the failure response of bonded composite repairs can be 
presented.  
3.4.6.1 Pristine Scarf Joints 
3D micro CT rendered images of the 3° “stiff” and “soft” scarf joints tested at RT is presented in 
Figure 3-37. Several spacing’s have also been identified along the z coordinate in the figure that relate to 
locations which 2D projections (or image slices) have been made. These image slices have been done so 
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at 5mm increments in order to give some depth to the post failure analysis. The presented results correlate 
to joints manufactured with the IM7/977-3 laminate. 
 
Figure 3-37: CT scans of pristine scarf joints tested at RT with a) “stiff” and b) “soft” adherend 
Several of the 2D slices have been examined along the width of the failed 3° pristine stiff and soft 
joints and shown in Figure 3-38 and Figure 3-39. Multiple delamination sites can be identified along the 
length of both joints. The delamination has been recognised to develop from the regions where transverse 
failure of the 90° plies along the scarf exist. The damage initiates from this region and then primarily 
propagates along the laminate at adjacent 45° ply interface. The effect of this 90° ply failure and 
extension of the delamination is consistent throughout the width of the specimen. It can also be observed 
that the level of composite failure and delamination is greater for the soft layup when compared to the 
stiff layup. Changing the laminate layup from a stiff to soft orthotropic layup also saw a greater presence 
of composite failure as there are a greater number of 90° plies, which has a significantly lower failure 
stress compared to a 0° ply. Based on this observation, it can be concluded that the adherend layup has a 
noticeable effect on not only the interface composite failure, but also the severity of damage within the 
laminate itself. 
 
Figure 3-38: Incremental slices along x-y plane of the pristine scarf joints with 3° “stiff” adherend 
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The effect of various environmental and geometrical conditions on the composite delamination was 
also examined on pristine stiff scarf joints using CT analysis. It was found that both the scarf angle and 
ambient environment can affect the severity of composite damage internally within the laminate. As it can 
be seen from Figure 3-40, the extension and level of delamination severity in the tested joints with a scarf 
angle of 5° is less than that of specimens with a scarf angle of 3°. In addition, scarf joints tested under RT 
condition showed the most severe composite damage followed by those loaded under CD condition. 
These delamination features are prevalent on the RT and CD pristine T300/914 joints. For scarf joints 
tested under HW environment, no observable composite delamination was detected, only partial regions 
of remaining adhesive along the joint face were apparent. Note that these features were also present for 
the 3° pristine soft HW case. The extent of the observed composite delamination can be correlated to the 
level of failure load. Paying closer attention to the RT and CD 5° cases show areas of composite missing 
near the delamination initiation site. What these results describe is that for shallow scarf angles composite 
damage within the adherend occurs, where increasing the scarf angle reduces the level of delamination 
and increases the level of composite failure at the interface. The larger interfacial failure at these locations 
correspond to the termination of the 45° and 90° ply tips, which also relate to the increase of peel stresses 
due to the steeper scarf angle.  
 
Figure 3-39: Incremental slices along x-y plane of the pristine scarf joints with a 3° “soft” adherend 
To get a better idea of the transverse failure of the 90°, and to a small extent 45° plies, micrographs 
have been presented in Figure 3-41. It was observed that failure within the 45° and 90° plies would tend 
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to occur adjacent to the above 0° ply tip. It is possible that the large stress gradients being generated by 
the 0° are transmitting down to the 45° and 90° plies near the scarf region, causing subsequent failure. 
 
 
Figure 3-40: Effects of environment on composite delamination vs scarf angle (sample centreline, z = 10 mm) 
 
Figure 3-41: Optical micrographic failure of the transverse plies 
Micro CT analysis has been extended further to consider the adherend damage state on supported 
scarf joints under RT and HW testing conditions, with results presented below in Figure 3-42. It can be 
observed that adherend composite delamination is apparent for the pristine sandwich support RT case. 
However, the same cannot be observed for the RT doubler specimens where no composite delamination is 
observed. Recall from experimental results that the doubler support case was severely outperformed by 
the sandwich support (see Figure 3-44). These results emphasise further that the severity of composite 
delamination is can be related back to the released strain energy during failure. Like that of the previous 
HW results, no observable delamination is present for both support conditions.  
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Figure 3-42: Composite delamination for 3° pristine sandwich vs doubler supported joint (sample centreline, z = 10 mm) 
3.4.6.2 Flawed Scarf Joints 
μCT images for sandwich supported and unsupported scarf joint specimens, with a 20% TF, are 
illustrated within Figure 3-43.  
 
Figure 3-43: Extension of delamination in supported and unsupported scarf joints with a 20% TF 
Interlaminar delamination occurring for any of the unsupported flawed specimens was in general 
not present. The only exception to this case is the 7.5 mm (10%) TF case which experienced modest 
levels of delamination similar to that of the 3° pristine unsupported cases presented in Figure 3-38. For 
the unsupported RT and CD cases with a TF it can be seen that there is a reduction in adherend 
delamination, where both test cases show a marginal increase of interfacial failure along the length of the 
joint. However, when a TF sandwich supported joint is tested under a RT environment, large scale 
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delamination becomes apparent in the composite, along with increased levels of interfacial failure. Like 
that of previous results, the HW cases show no visible signs of internal adherend composite damage.  
3.4.1 Results Comparison 
To fully comprehend the extent of the above experimental results, a complete comparison has been 
made for both pristine and flawed cases, with presented in Figure 3-44 and Figure 3-45. By doing such a 
comparison it is clearly evident what the effects of geometrical and environmental effects are on the 
structural performance of bonded composite scarf joints.  
 
Figure 3-44: Full experimental results comparison for pristine specimens 
 
Figure 3-45: Full experimental results comparison for flawed specimens 
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As a general conclusion, it can be observed that results range from 72 to 521 MPa depending on the 
corresponding test, signifying the drastic effects that an aerospace environment can have on overall joint 
behaviour. What this describes is that for engineers to make an informative decision on damage tolerant 
joint design, the effects of environmental and geometrical conditions must be well understood. 
3.5 Conclusion 
The significance of experimental results presented in this chapter have provided new insight into 
the structural performance of bonded composite scarf joints under typical aerospace operation. This 
includes the combined effects of the ambient environment, bondline flaw size/location, boundary 
conditions, and joint geometry configurations including scarf angle and adherend layup. They key 
performance parameters that were investigated include ultimate joint strength, final failure path and 
detailed fracture analysis, towards the goal of improving current damage tolerant designs. 
For unsupported scarf joints with a TF, tested under RT and CD environments, large reductions in 
residual strength was observed for increasing flaw size, while HW unsupported TF specimens were 
relatively insensitive to the presence of a bondline flaw at the scarf tip. Relocation of an identically sized 
tip flaw to the center of the bondline, at RT showed, an increase in performance, however an opposite 
effect was observed at HW conditions. This observation remained consistent with TF sandwich supported 
specimens, where cases tested at RT exhibit a significant improvement in ultimate strength, while HW 
specimens were adversely affected. It is thought that by suppressing peel stresses in the bondline under a 
HW environment, and dominating the response with shear stresses at a crack tip, an excessive level of 
inelastic deformation in the adhesive layer is present, leading to an overall performance loss. In terms of 
other geometrical aspects, a loss of performance was present for RT joints when larger scarf angles, lower 
stiffness adherends and a doubler support are present. For HW cases, softer laminate adherends and the 
addition of a doubler support resulted in a marginal rise of joint performance, while increasing the scarf 
angle caused reductions in the ultimate strength for all test environments. Despite these changes in 
structural performance for HW cases, the relative change in ultimate strength is small by comparison to 
RT and CD geometrical changes. 
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From assessment of the structural performance, a detailed micrographic analysis was conducted 
into the assessment of critical damage mechanisms. Across all test cases, four key failure criteria were 
identified which include interlaminar delamination, intralaminar ply failure, composite damage along the 
adhesive/adherend interface and bulk bondline failure. In addition to the types of failure identified, the 
degree for each case has also been identified. The damage type and severity of these mechanisms are 
heavily dependent on the outlying environmental and geometrical conditions. As a general conclusion, the 
composite adherend were identified to play a significant role in failure across all test conditions. For RT 
and CD specimens composite adherend failure was prominent, where HW joints would tend to see a 
complex interaction of adherend/bondline failure along the joint interface. Regardless of the conditions, 
the degree of composite failure would increase for increasing the scarf angle, joints using a softer 
laminate, supporting boundary conditions and the addition of a bondline flaw. The exception to these 
findings are the HW CF and supported TF joints, where an observed increase in adhesive/cohesive failure 
was present. For scarf joints, which observe higher ultimate strength, the failure path would extend 
beyond the joint interface and along the composite adherend. No significant internal composite damage 
was observed for any HW tested specimens, and was limited to RT and CD environments. It is believed 
that the knockdown in HW performance is largely due to the degradation in material response, however 
there may also be some minor contribution from additional pre-straining due to thermal and moisture 
changes. 
From the results presented in this chapter, new insight has been given into the interactions between 
adherend and adhesive failure, and describes just how significant the composite adherend plays a role in 
determining overall joint strength, in the presence of a bondline flaw under various environments and 
geometries. Understanding of these failure mechanisms is a key foundation required for accurate 
numerical representation of bonded composite scarf joint, such that effective damage tolerant designs 
may be conducted.  
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Chapter 4. Numerical Investigation of Scarf Joints 
4.1 Introduction 
Current numerical assessment methods of bonded composite scarf joints, typically focus on 
modelling a known failure path, or paths, with minimal complexity. The advantage of this is that a simple 
representation of failure, typically along the bondline or joint interface, can be implemented without the 
need to consider the full myriad of complex damage mechanisms which typically govern overall joint 
performance. In recent times, numerical damage assessment on bonded composite scarf joints has 
predominantly been implemented by using Cohesive Zone Modelling (CZM) technique, a powerful tool 
that can be applied for both damage initiation and crack propagation analysis in engineering structures 
[12-15, 17, 125]. In general, previous literature shows that numerical predictions obtained by 
implementation of CZM, into the adhesive-adherend interface of bonded composite scarf joints, are in 
good agreement with corresponding experimental results. 
However, the application of CZM in bonded composite scarf joints is yet to be evaluated over an 
expansive test array truly representative of aerospace structures. Current damage tolerant numerical 
analyses on scarf joints have not considered the effects of geometrical and environmental conditions on 
the performance of bonded composite scarf joints. There is a limited understanding towards the change of 
bondline performance in composite scarf joints while damage initiates and progresses to cause ultimate 
failure. Development of this knowledge is necessary towards the assessment of joints being applied into 
primary structures as there is a need to understand how failure initiates and progresses in bonded 
composite joints, and what this damage does to the performance of load transfer between adherends. 
Therefore, it is important to understand and assess the CZM approach used in bonded composite scarf 
joints to not only highlight the capabilities, but determine what key factors affect accurate assessment of 
joint performance.  
A detailed numerical investigation was conducted in this chapter that gains more in-depth 
knowledge into the damage tolerant characteristics of bonded composite scarf joints at a RT condition 
using CZM. This chapter focuses on the aspects driving strength prediction, joint deformation effects and 
sensitivities to modelling of pristine/pre-flawed joints, specifically including:  
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 loads at which damage progression occurs  
 extent of damage progression 
 sensitivity to failure path 
 evolution of bond line stress distributions 
 comparison of normal and shear stresses in joints 
 elastic plastic considerations 
These aspects have not been investigated sufficiently in literature, and as such there is a critical 
lack of knowledge in numerical progressive damage assessment of composite scarf joints. Without a 
thorough understanding of these key points, damage tolerant design of bonded joints will remain a 
difficult task. By conducting such research, not only are the capabilities of CZM analysis assessed in 
detail, but new insight towards the behaviour of bonded composite scarf joint performance is presented. 
Note that numerical findings are validated with previous experimental results presented in Chapter 3. 
4.2 Experimental Observations 
After analysing the fracture surfaces of the failed RT coupons, evidence of composite damage 
along the adhesive-adherend interface was identified as the primary cause of failure (see Chapter 3). From 
experimental observations of the tip-flawed specimens, there was a tendency for the failure path to jump 
across the adhesive to the opposing interface from the pre-flaw location. The crack propagation would 
remain primarily on the opposing interface for the remainder of the bondline, see Figure 4-1. As a 
requirement of the CZM approach, the failure path must be fully pre-defined. For simplicity and based on 
the experimental observations, two generic pre-flaw models are created. The first where the pre-flaw 
replicates the experimental position, while the second projects onto the opposing interface such that 
failure will propagate along the experimental failure path. By doing this setup approach, the sensitivity of 
the numerical model was investigated with regards to pre-flaw location and the failure path. It is 
understood by the author that this is a simplification of the failure path, however if low sensitivity is 
present it negates the need to mimic the exact load path and allows for the simpler approach to be 
considered. This single failure path approach not only allows for a simple failure definition, but also a 
single set of damage initiation and propagation values is required. 
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Figure 4-1: Experimental and numerical pre-flaw locations 
It is important to understand that the actual bond length of fabricated specimens differs from the 
ideal geometry used in numerical models. During manufacturing, it is difficult to achieve a perfect scarf 
tip geometry, as the thin tip can break away during the machining process. Additionally, the relative 
positioning of the adherends during cure influences the bondline geometry. An example of the resulting 
blunt tips of a scarf joint is shown in Figure 4-2. The theoretical bondline length of a 3° and 5° scarf angle 
for a laminate thickness of 3.9 mm is 74.5 mm and 44.7 mm, respectively. For the scarfed joints produced 
by CNC machining, the scarf tip bluntness was approximately three plies thick Figure 4-2. Therefore, due 
to the bluntness of the scarf tip the actual bondline length for the 3° and 5° scarf showed reductions of 
approximately 4-8 mm and 7-9 mm, respectively, from the corresponding theoretical values. The bond 
length values can also be altered by minor variation in the scarf angle from the accuracy of the machining 
process. It is important to adopt the correct “effective” bondline distance to ensure numerical strength 
predictions remain accurate. 
 
Figure 4-2: Comparison of numerical and experimental scarf tip geometry 
4.3 Linear Elastic Interface Failure Model (Model A) 
The following sections will describe the considerations required for accurate model setup. For 
analysis simplicity, a 2D representative model of the joint cross section was developed using an implicit 
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solver regime in Abaqus/Standard. Note that this numerical analysis has only been done so on the 
IM7/977-3 joint material system at a RT test condition. 
4.3.1 Room Temperature Material Properties 
It is important to ensure that data, which is used to determine design values, are acquired from 
stable and repeatable materials. Materials must have mature specifications and processed via a 
representative production process. Laminated material design values should be determined at a laminate 
level by either laminate tests or test of the lamina in combination with a test validated analytical method. 
Design values for non-laminated materials or advanced composite processes must be recognized with 
scales that best represents the material as it appears in the part, or by tests of a material substructure in 
conjunction with a test validated analytical method, such as an adhesive joint [101]. Once representative 
material parameters are determined they can be confidently substituted into the modelling process. 
For the purposes of modelling the composite lamina, the properties were described in an 
orthotropic nature. As a 2D model was used in this study, the 45° and 90° ply material properties required 
transformation to determine their values with respect to the 0° fibre orientation. As such, three individual 
material properties were created (0°, ±45° and 90°) and assigned to their respective sections, to which the 
properties were pre-transformed using Composite Laminate Theory (CLT). The mechanical properties 
used are presented in Table 4-1. 
Table 4-1: Transformed IM7/977-3 mechanical properties 
 E1 
(MPa) 
E2 
(MPa) 
E3 
(MPa) 
ν12 ν13 ν23 G12 
(MPa) 
G13 
(MPa) 
G23 
(MPa) 
0° 164,000 9,860 9,860 0.33 0.33 0.34 4,950 4,950 2,944 
±45° 13,093 9,860 13,093 0.23 0.32 0.23 3,692 8,966 3,692 
90° 9,860 9,860 164,000 0.34 1.98e-02 1.08e-14 2,944 4,950 4,950 
 
The adhesive was modelled using the von Mises yield criterion (σvm) and equivalent strain (εeq). 
Care must be taken when assuming the correct von Mises stresses and equivalent strains necessary to 
achieve the desired response from shear loading data. Equations 4-1 and 4-2 describe the general equation 
for von Mises stress, along with the reduced form under pure shear in the 1-2 plane, where σij describes 
the stress state for the corresponding component.  
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Similarly, equations 4-3, 4-4 and 4-5 is the general representation for equivalent strain, which the 
simplified expression under pure shear, in the 1-2 plane, is also provided. The term e is used to describes 
deviatoric strains, which are not dependent on shear deformation, while γij refers to the strain state for 
individual components. 
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The linear elastic and elastic-plastic modulus of the FM300-2K adhesive film layer, based on the 
manufacturer technical data [60, 100, 141, 142], was 1175 MPa and 1577 MPa, respectively, with a 
Poisson’s ratio set at 0.3. The transformed stress-strain behaviour of the bulk adhesive layer at RT is 
shown in Table 4-2 and Figure 4-3.  
Table 4-2: Stress-strain behaviour of the FM300-2K film adhesive at RT 
 
RT 
Shear 
Stress 
[MPa] 
Equivalent 
Stress 
[MPa] 
Shear Total 
Strain [ε] 
Shear Plastic 
Strain [εpl] 
Equivalent 
Total 
Strain [ε] 
Equivalent 
Plastic Strain 
[εpl] 
Yield 
Point 
14.2 24.6 0.016 0.0 0.009 0.0 
Knee 
Point 
42.1 72.9 0.093 0.077 0.054 0.045 
Ultimate 
Failure 
49.8 86.3 0.545 0.529 0.314 0.305 
   RMIT University, Australia 
108 
 
 
Figure 4-3: FM300-2K stress-strain response 
As mentioned, for the progressive damage simulation, the CZM approach was used along the 
adhesive-adherend interface within the scarf repair. The interface stiffness and traction-separation stress 
values were determined by numerically modelling Double Cantilever Beam (DCB) and End Notched 
Flexure (ENF) tests (see the DCB/ENF Calibration section below). Experimental fracture toughness 
values for Mode I and Mode II were determined through methods described in [143] and [144] 
respectively. Mode III fracture toughness was assumed to be equal to Mode II as out of plane effects are 
minimal compared to the in-plane response. The fracture toughness (Gi), interfacial stiffness (Ki), and 
traction-separation stress (ti) values used, for each corresponding mode, in the CZM interaction are 
presented in Table 4-3. 
Table 4-3: Cohesive Zone Modelling properties 
Fracture Property Gi [kJ/mm
2
] Ki [N/mm
3
] ti [N/mm
2
] 
Mode I 0.22 10
5 30 (σ) 
Mode II 0.90 10
5
 60 (τ) 
Mode III 0.90 10
5
 60 (τ) 
4.3.1 DCB and ENF Calibration 
As fracture properties were adopted for the subsequent CZM analysis of the scarf joint, and 
following standard recommendations, the Mode I and Mode II interlaminar fracture properties were 
determined from DCB and ENF experimental results, coupled with numerical validation. The layup for 
both the DCB and ENF specimens consisted of 24 unidirectional plies of IM7/977-3 with a PTFE insert at 
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the mid-plane to create a pre-flaw. This configuration is described as a [012//012] co-cured layup where // 
represents the layer location of the initiation crack. A diagram of the modelling setup and dimensions is 
presented below in Figure 4-4. For both DCB and ENF models, the maximum stress criterion with the 
cohesive surface interaction (zero thickness) was implemented. In this case, damage is assumed to initiate 
when the maximum contact stress ratio of each failure mode, as defined by equation 4-6, reaches a value 
of one. 
 
   (
〈  〉
  
  
  
  
  
  
  
 )    (4-6) 
where t is the nominal traction stress and n, s and t indices refer to the normal (Mode I), shear 
(Mode II) and transverse (Mode III) load cases, respectively. Equation 4-6 represents the critical values of 
the contact stress when separation is either purely normal to the interface or purely in the first or the 
second direction, respectively. The interfacial stiffness and traction-separation stresses were arbitrarily 
chosen until the simulation results matched those from the DCB and ENF experiments. Once the damage 
initiates in the cohesive zone, the Power law was used to describe the damage propagation. This criterion 
states that failure under mixed-mode conditions is governed by a power law interaction of the energies 
required to cause failure in the individual modes and is described by equation 4-7: 
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   (4-7) 
where G is the work done by the tractions and their conjugate separations, and superscript c refers 
to the critical values of G. The power law used for governing the fracture propagation was set to a ratio 
value ᾳ of 1.5 based on observations from literature [145]. Although the power law is used, it is expected 
to have little effect on the propagation response as the loading scenarios will be largely pure modal. The 
power law relation will become more important when the CZM model is implemented into the scarf joint, 
where mixed mode failure will be present. Linear softening of the elements was chosen to keep the 
computational simplicity. For a full description of the CZM approach, refer to Appendix A. 
Fully integrated four-node plane strain (CPE4) elements were used within the implicit DCB/ENF 
model with an element size approximate to the ply thickness, with the plane strain elements were set at 20 
mm wide. An element aspect ratio of 1 was adopted to ensure adequate capturing of the associated 
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energies towards damage propagation [12]. Rigid bodies were introduced for the loading blocks and 
rollers in both models. A friction coefficient of 0.2 was also placed into the contact definition between the 
rollers and specimen in the ENF model. Upon inspecting the mesh refinement, it was observed that the 
cohesive damage zone occurred over 3-4 elements for the DCB model and 7-8 elements for the ENF 
model (see Figure 4-5). To adequately capture the associated energies, a minimum of 3 elements in the 
cohesive zone is recommended [12]. Based on this observation, the mesh size used in the DCB and ENF 
model was also adopted in modelling the scarf joints.  
 
Figure 4-4: DCB and ENF diagrams 
 
Figure 4-5: Cohesive zone damage zone for DCB and ENF models 
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The load-displacement curves for DCB and ENF specimens are plotted in Figure 4-6 and Figure 
4-7, where good agreement between numerical and experimental results, in both initiation and 
propagation, can be observed. 
 
 Figure 4-6: Load vs displacement results for a) DCB, and b) ENF specimens 
 
Figure 4-7: Cross head displacement vs crack propagation for a) DCB and b) ENF specimens 
4.3.2 Model Geometry 
The boundary conditions in scarf joints were applied as an enforced displacement to a “grey” 
master node constrained to all other end nodes at both ends of the model, as shown in Figure 4-8. The 
“red” nodes indicate the slave nodes. A zero-displacement condition was applied to the “left hand” side of 
the model while a finite displacement was applied along the 1 direction on the “right side” to elongate the 
sample representative of coupon testing. Application of displacement control will aid in solver 
convergence, particularly as the load rapidly changes due to joint failure. The reaction force was 
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measured directly from the master node at the displacing end of the model, in order to quantify overall 
joint performance.  
For the support cases, identical boundary conditions were applied as mentioned above, however 
additional boundary conditions were added. For the sandwich support, all nodes along the lower surface 
of the joint were constrained with a roller support (Figure 4-8b) such that the joint was free to extend in 
the plane but secondary bending was prevented by constraining displacement in the 3 direction. For the 
doubler model, the adhesive layer and doubler composite were physically modelled to accurately 
represent the increased repair stiffness and introduced load path eccentricity. The cohesive surface 
damage region was also extended into the doubler such that failure could occur along the doubler 
adhesive and composite interface.  
 
Figure 4-8: Boundary condition setup; a) general displacement, b) sandwich node support 
4.3.3 Meshing and Failure Criteria 
The numerical model consisted of fully integrated four node quad (CPE4) and three node triangular 
(CPE3) 2D plane strain elements. A dissimilar mesh for the adhesive-adherend interface was used to keep 
the number of triangular elements to a minimum while achieving an acceptable aspect ratio and mesh size, 
see Figure 4-9. Note that cohesive surface interactions are applied in Abaqus using a contact definition. 
The model was constructed with one element per ply thickness in the composite adherend and four 
elements through the thickness of the adhesive layer. A one-way bias mesh seed was also applied to 
increase the mesh aspect ratio in the far-field of the repair to aid in reducing computational expense. An 
element length aspect ratio of 1 was achieved in the scarf region, where it increased to 30 by the end of 
the joint. The physical size of the elements can be seen in Figure 4-9. Elements with an aspect ratio of 1 
extended past the scarf region for 12.4 mm before the one-way bias of the mesh begun. The level of mesh 
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refinement was similar with previous analyses of 2D scarf joints [40, 125, 146] whilst retaining model 
robustness. Using CZM, the scarf joint was modelled in such a way that the delamination model could be 
independently activated on either the upper or lower adhesive-adherend interface. For Abaqus/Standard, 
only one CZM interface was active at a time due to the additional computational expense incurred for 
both interfaces activated simultaneously. 
 
 
Figure 4-9: Numerical definitions and mesh details 
Unlike that of the DCB/ENF calibration, the quadratic stress criterion was imposed in the cohesive 
zone where damage is assumed to initiate when the quadratic interaction function involving the contact 
stress ratios reaches a value of 1. The quadratic traction law is a combination of the three modes (mixed 
mode failure) and is given by equation 4-8: 
 {
〈  〉
  
 }
 
 {
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 }
 
   (4-8) 
The numerator    describes the current evaluated value of traction stress in the cohesive layer for 
the normal (n), first shear (s) and second shear (t) modes, while the denominator   
  specifies the critical 
value for each mode. For this particular modelling methodology, as the Mode III stresses will be minimal 
(due to no out of plane deformation of the scarf joint) equation (2) can be reduced to consider only the 
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first two modes of failure, namely, normal and in-plane shear. The power law was used, as described in 
the DCB/ENF calibration section, to determine the mixed mode relationship of the fracture propagation. 
4.3.4 Solution controls 
Due to the non-linear nature of the problem under consideration, stabilisation parameters were 
implemented in Abaqus to ensure computational efficiency. Two types of controls that incorporated in the 
solution were the global stabilization energy and the viscosity coefficient for the cohesive zone. The 
appropriateness of the specified damping values were checked by ensuring that the energy dissipated by 
stabilization was small (< 5%) in comparison to the total strain energy [147]. The global stabilization 
through the “dissipated energy fraction” was 1×10-6 while the viscosity coefficient for the cohesive zone 
was set at 1×10
-5
. A plot of the energy dissipated by automatic stabilization versus the total strain energy 
can be seen in Figure 4-10. 
 
Figure 4-10: Comparison of the total strain energy to the stabilization energy 
4.4 Numerical Results and Analysis 
The damage tolerant numerical predictions of bonded scarf joints are presented towards an 
experimental comparison, which are highlighted in Figure 4-11. Note that the simulated failure stress 
values presented correspond the maximum strength of each scarf joint prior to unstable crack growth and 
eventual joint failure. For the experimental results, the bar data represents the averaged failure stress over 
three tested samples and the error bar indicates the maximum and minimum of the failure load. The 
sensitivity of failure strength vs the failure path, occurring along either the lower or upper interface, can 
also be observed. Note that all comparisons have been done so to the 3°, stiff, NF case as this is the 
baseline joint condition. 
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With the addition of a disbond at the TF location, the numerical models highlight an eccentric load 
path which results in out-of-plane displacement and bending of the joint. Numerical analysis show 
consistently larger out-of-plane deformation for increasing TF sizes, causing significant crack opening 
displacements. The cause of this deformation state is due to a moment acting to bend the joint straight 
along the loading axis such that a centered load path is achieved. An example of this load path deviation 
due to the presence of a TF is presented in Figure 4-12.  
 
Figure 4-11: Numerical strength predictions of pre-flawed scarf joints under different conditions 
 
Figure 4-12: Centred vs non-centred load paths 
Due to the crack opening phenomenon, there is an increasing amount of Mode I failure at the 
disbond tip. From previous values presented in Table 4-3, it can clearly be seen that the initiation and 
propagation values for Mode I loading conditions are significantly lower than Mode II. By having joint 
deformations that promote Mode I type of failure at the bondline interface due to out-of-plane movement, 
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the joint performance will not be optimised in comparison to a case which sees dominantly Mode II 
deformation, such as a pristine joint. In addition, the presence of a crack tip, which produces a localised 
stress concentration factor, is further enhancing the promotion of damage. Finally, the rapid reductions in 
joint strength is also a resultant of the reduction of effective bond area, due to the presence of the pre-flaw. 
As this effective bondline continually reduces, the load is transferred across the adherends using a smaller 
adhesive area, and thus creating greater levels of stress on the cohesive layer that controls joint failure. 
For the unsupported CF and sandwich supported TF specimens, having an equally sized flaw, little out-
of-plane deformation is present, leading to the improvement in strength predictions, which can be 
attributed to the reduction in Mode I loading at the crack tip. Note that the damage propagation for all TF 
cases occurs from the disbond tip and progresses to the opposing scarf tip. In regard to the CF case, 
damage propagation occurs from both crack tips at approximately the same load interval, and propagates 
outwards towards the scarf tip region.  
The superior performance of the 3° pristine unsupported and sandwich supported scarf joints can be 
described by the same assessment that was presented with the TF and CF analysis. The greater capability 
comes from the fact that these pristine cases have the maximum effective bond area present out of all test 
cases, minimal out of plane bending from centred load paths such that Mode II loading was dominant, and 
no presence of a stress concentration due to a disbond tip. Because the pristine unsupported and sandwich 
supported joints satisfy these conditions, the optimal performance can be realised. Note that damage 
would initiate from the outermost scarf tip regions, and progress towards the center of the bondline with 
increasing levels of load. 
The reduction in load-carrying capability for the pristine 5° joint, in comparison to 3°, is dependent 
on two factors. The first is the reduction in bond area, while the second cause is due to the steeper scarf 
angle causing greater Mode I deformation in the bondline, like that of the TF cases but not as significant. 
In this instance the presence of a stress concentration factor due to the disbond tip is not present. A direct 
comparison to the 3° unsupported joint with a 40% TF, can be made as the 5° pristine joint has a very 
similar effective bond length, within 1.6%. Although the effective load transfer area is very similar, the 5° 
joint has a predicted joint strength approximately 2.5 times higher than the 40% unsupported TF case. 
This highlights the significance of the additional Mode I loading at a stress intensified crack tip.  
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The 3° soft laminate case observed a reduction in predicted strength from two causes. The first is 
that a significant stress concentration at center of laminate exists, due to 0° plies, which causes failure to 
progress from the center laminate region. While the second is that there is a reduction in bonded area 
compared to the 3° stiff joint. The reason for the variation in bond length is simply due to manufacturing, 
and the models were set up accordingly to represent the true effective adhesive area. 
Finally, for the doubler case, strength reductions are apparent due to the presence of an eccentric 
load path. The reason for the eccentric load path is due to the fact that the load application is achieved 
using the repaired adherends only, not implementing the doubler patch itself. A depiction of the joint can 
be seen previously in Figure 3-1. From this eccentric load path, there is a tendency for a bending to occur 
around the scarf joint region, where excessive peel, or Mode I stresses are present at the doubler 
termination. Due to this deformation state, damage initiates and propagate from the doubler tip region, 
along the joint and into the scarf-adhesive interface. 
From the strength prediction results, there are three cases which are observed to show a noticeable 
underprediction in ultimate strength, namely the 10% unsupported TF, 20% and 40% sandwich supported 
TF cases. The reasons for these underestimations in joint strength are discussed later in section 4.4.4 
Plasticity Results and in Chapter 5. To provide some context at this point, the cause of these 
underpredictions are due to the lack of inelastic deformation of the bondline in the current numerical 
modelling methodology. A validation study was also conducted to ensure that the discrepancy between 
numerical predictions and experimental results was not due to the simplified sandwich support boundary 
condition adopted in this study. The residual strength of scarf joints was evaluated by simulating a “full 
geometry” model and comparing corresponding outcomes to the “node support” model results. The full 
geometry analysis represents the diagram shown in Figure 3-1. The strength of the scarf joint simulated 
using the full geometry and node support is shown in Figure 4-13. The peak and average bondline shear 
stresses were also compared to each other with excellent agreement between the sandwich support setups. 
The change in the peak shear stress from the full geometry to node support was 9.8%, 5.0% and 0.3%, 
respectively for the 20%, 40% and pristine scarf joints. A similar trend exists for the average stress. Thus, 
it was concluded that the node support was a true representation of sandwich support geometry. 
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Figure 4-13: Effect of support modelling on the failure stress of scarf joints 
4.4.1 Joint Failure Investigation 
To fully understand the sensitivity of the numerical results to the assumed failure path, simulations 
were conducted and results presented in Table 4-4. This table shows the percentage change in maximum 
predicted load for each joint, due to assuming different failure paths.  
Table 4-4: Failure path location sensitivity 
Specimen Name % Change in Strength 
3°, stiff, NF 0.03% 
3°, stiff, 7.5mm TF 21.6% 
3°, stiff, 15mm TF 11.1% 
3°, stiff, 30mm, TF 7.9% 
3°, stiff, NF, S 0.96% 
3°, stiff, 15mm TF, S 0.76% 
3°, stiff, 30mm TF, S 0.77% 
5°, stiff, NF 0.004% 
3°, soft, NF 0.003% 
3°, stiff, NF, D 0.001% 
The only cases that exhibited sensitivity to whether failure occurs at the lower or upper interface 
were the unsupported TF models. With regards to 10% TF case, if the failure path located at the upper 
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interface there is an observed marginal increase in stable crack growth length and crack opening 
displacement due to the geometrical asymmetry variation, in comparison to the failure path located at the 
lower interface. This is also true for the 20% and 40% TF cases, however, the crack growth length is 
subtler compared to the 10% TF model. From these results, it can be concluded that there is lower joint 
strength sensitivity with increasing flaw size for the two specified failure paths. Note that the supported 
TF cases show little sensitivity to pre-flaw location. By supporting the pre-flawed side of the joint, the 
change in crack opening displacement with respect to the change in failure path is significantly reduced. 
As all the non-flawed models are symmetrical, the sensitivity to failure path does not relatively affect the 
numerical strength predictions.  
To have a greater understanding of the damage progression in the current numerical methodology, 
a typical stress-strain response obtained during simulation of a scarf joint under tensile loading is shown 
in Figure 4-14.  
 
Figure 4-14: Phases of damage progression for a TF numerical model 
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Based on available outputs from simulations, three phases have been identified during the loading 
process and are described by: 
1. crack opening deformation 
2. stable crack growth 
3. unstable crack growth 
The initial phase is associated with displacement/deformation in the model with no damage 
progression. The second phase is defined by damage progression that is occurring while the load on the 
scarf joint is continually increasing, being indicated by activation of the CZM elements failing. Finally, 
the last stage is characterised when damage within the joint becomes unstable, and a sudden loss in the 
load-carrying capability is experienced, and hence failure of the joint occurs. The exact location of 
unstable growth did not necessarily correlate to the peak load experienced during the analysis.  
To appreciate the degree of failure which has occurred in all specimens, the damage initiation load, 
with respect to the maximum predicted strength is presented in Table 4-5. Damage initiation has been 
categorised by either low (highlighted in bold) or high joint loads.   
Table 4-5: Damage progression analysis 
Numerical Model % Load at Damage Initiation 
3°, stiff, NF 98% 
3°, stiff, 10% TF 59% 
3°, stiff, 20% TF 48% 
3°, stiff, 40% TF 53% 
3°, stiff, 20% CF 56% 
3°, stiff, NF - S 98% 
3°, stiff, 20% TF - S 56% 
3°, stiff, 40% TF - S 63% 
5°, stiff, NF 89% 
3°, soft, NF 98% 
3°, stiff, NF - D 33% 
Cases that exhibit early damage onset present noticeably greater levels of stable progression, in 
comparison to joints where damage initiation occurs closer to the failure load, followed by rapid 
escalation. With the exclusion of the doubler case, damage progression in pristine scarf joints does not 
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exceed 0.5% of the total bond length. Focusing on the disbond cases only, the level of damage 
progression has been presented in Table 4-6. For the unsupported cases, as the TF size increases, so does 
the level of damage progression along the bondline prior to rapid failure. Relocating an equivalent sized 
TF to a CF causes a further increase in the level of damage progression. For the supported TF cases the 
damage appears to be inverse to that of the unsupported joints. Thus, as the flaw size increases the level 
of damage progression to failure decreases.  
This assessment is critical for damage tolerant design of scarf joints as sudden catastrophic failure 
does not present itself for cases with a disbond. If bonded composite joint was to adopt a damage tolerant 
design approach, it is crucial to design with the damage initiation load in mind and not simply the 
ultimate joint strength, particularly if application towards flight critical structures is required. If damage 
initiation loads are not considered, a detrimental design flaw could be exposed to flight safety. 
Table 4-6: TF damage progression extent prior to ultimate failure 
Numerical model Bondline debonding progression 
3°, stiff, 10% TF 0.7% 
3°, stiff, 20% TF 6.1% 
3°, stiff, 40% TF 7.0% 
3°, stiff, 20% CF 12.9% 
3°, stiff, 20% TF - S 9.5% 
3°, stiff, 40% TF - S 5.1% 
4.4.2 Adhesive Peel and Shear Stress Assessment 
To identify the effects of out-of-plane displacement caused by Mode I and II deformation at a 
disbond tip, stresses were evaluated along the bondline with no damage progression activated. It is 
understood from the literature that due to the presence of a flaw a stress singularity exists at the crack tip. 
The magnitude of this stress singularity is also a mesh dependent problem. To remove the mesh 
dependency from the analysis the bondline stresses were computed along the centerline of the adhesive 
layer. In this instance, the bondline stresses can be captured in the immediate region of the stress 
concentration due to the bondline flaw. By analysing the stresses along the adhesive centerline, the 
complex interactions between the adhesive-adherend interface are also removed from the analysis. A 
depiction of the setup is shown in Figure 4-15. 
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Figure 4-15: Bondline stress diagram 
The maximum tensile peel stress (      ) and the maximum shear stress        at any point 
along the bondline were extracted for various modelling cases, and presented in Figure 4-16. The ratio of 
      to      has been defined by the term “mode mixity”. By assessing the ratio of these stresses, the 
magnitude of Mode I to Mode II deformation can be characterised. Since compressive stresses does not 
lead to a peeling failure, these values were not considered in the subsequent analysis. 
 
Figure 4-16: Ratio of the maximum peel to shear stresses in the adhesive layer 
Analysis of the mode mixity results along the center of the bondline for the 3° pristine supported 
and unsupported cases show that the maximum peel stress is approximately 11% and 13%, respectively, 
of the maximum shear stress. As stated previously, by promoting a shear dominant response in the 
bondline, the joint performance can be maximised.  For the unsupported TF cases, the peel stresses in the 
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adhesive layer are almost proportional to that of the shear stresses. These results describe that despite the 
tip flaw size, there is a significant Mode I stress occurring in the bondline which adversely affects the 
overall joint performance. The CF case simulated a maximum peel stress in the bondline approximately 
equal to 60% of the maximum shear stress, where the sandwich supported TF joints observed a mode 
mixity of less than 10%. It is interesting to note that these TF sandwich supported results have a very 
similar ratio of maximum peel to shear stresses in comparison to that of a pristine joint. This significant 
reduction in adhesive peel stress at the disbond crack tip informs the reasons behind the performance 
increase of the sandwich supported TF samples compared to that of the non-supported flawed specimens. 
Therefore, it is shown that with the presence of an unsupported TF, a substantial amount of Mode I stress 
occurs due to the crack opening phenomena. For all TF sandwich supported, pristine and CF unsupported 
cases, the shear stress (Mode II) in the adhesive layer is dominant, which is preferable for bonded joints 
and hence shows the greatest performance. 
4.4.3 Bondline Stress Analysis 
Up until this point, assessment of the bondline stresses have been in terms of peak values. When 
designing bonded composite scarf joints, and using damage tolerant based approaches, it is important to 
understand how the redistribution of stresses occur in the bondline as the failure progresses with 
increasing levels of applied load. To begin with, an analysis of the adhesive stress distribution was 
conducted on various pristine joint specimens, for increasing load levels. The results are presented in 
Figure 4-17. As with previous discussions presented in section 4.4.1 Joint Failure Investigation, 
assessment of the bondline stresses for pristine joint cases show no major progression of damage, or 
change in shape of the stress distribution, until the ultimate load is approached. The 3° and 5° pristine 
joints show peak bondline stresses occurring at the outermost region of the joint, and hence this is where 
damage is being promoted from. For the 3° soft laminate joint, there is a significant stress concentration 
at the center of the bondline, which therefore induces failure to initiate and progress from the center of the 
joint. 
For scarf joint cases where a disbond exists, bondline stress results have also been plotted over 
increasing load levels and presented in Figure 4-18. Note that from literature, stress concentrations are 
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generally known to arise at the scarf tip regions or at the 0° ply terminations within the laminate [17, 40, 
125, 126, 148]. These two forms of stress concentrations are largely altered in the presence of bondline 
flaws, since a stress intensity factor now exists due to the crack tip dictating the maximum stress at any 
point along the bondline. It can clearly be observed that the presence of a TF causes a greater stress 
intensity, in comparison to that of a CF, by comparing the maximum stress at the crack tip to regions of 
the bondline which are not affected by the disbond. For TF cases, which are supported by a sandwich 
structure, the peak stress observed in the adhesive layer is significantly higher than that of the 
unsupported pre-flaw joints. By suppressing the opening displacement of the crack tip due to out-of-plane 
deformation, there is a greater ability to carry stress across the bondline. This same feature can also be 
observed for the CF case, where relocation of the TF noticeably increases the bondline stresses and hence 
increases load-carrying capability.  
 
Figure 4-17: Shear stress distributions of the adhesive layer for pristine a) 3° stiff, b) 3° soft and c) 5° pristine cases for 
various percentage loads 
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Figure 4-18: Shear stress distributions of the adhesive layer for a) 20% TF, b) 20% TF sandwich support and c) 20% CF 
cases for various percentage loads 
As a linear elastic adhesive response is used, for the cases where considerable damage progression 
exists the stress redistribution is generally localised to the damage front region. A key difference between 
the TF and CF cases is that for a disbond located at the scarf tip there is only a single damage front 
progressing along the bondline, whilst for the centrally located disbond there are two damage fronts. In an 
additional note, prior to the maximum joint strength being reached the load begins to gradually asymptote 
from the initial linear response, which has been identified by crack growth acceleration. This 
phenomenon typically occurred up to 300 N less than the ultimate predicted strength, and only for 
modelling cases which have incorporated an initial disbond. For pristine joint cases, this acceleration of 
disbond propagation occurs significantly closer to the failure load. 
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Figure 4-19 illustrates the maximum shear stress experienced through the center of the bondline, 
just prior to failure, for different joint geometry conditions. A key feature to draw from the results is that 
the maximum shear stress, at various regions along the bondline, has exceeded the adhesive knee point 
stress due to either the 0° ply terminations, or due to the crack tip stress intensifier. As the scarf models 
were analysed assuming a linear-elastic material model, plasticisation of the adhesive layer was prevented 
and this may also affect key failure mechanisms occurring throughout the failure process. Plasticity in the 
adhesive layer is particularly critical to implement into the analysis if a design methodology is to 
incorporate scarf joint assessment under HW conditions. Thus, a preliminary assessment is carried out in 
the following section. 
 
Figure 4-19: Shear stress distributions along the bondline immediately prior to failure (elastic adhesive material model) 
4.4.4 Plasticity Results 
As it discussed, stresses along the center of the bondline exceeds the yield properties of the 
adhesive for several cases. Based on these findings, the elastic-plastic behaviour of the adhesive material 
was included into some preliminary FE models to understand the level of inelastic deformation with 
respect to applied load levels. By doing so, a possible influence of this additional energy dissipating 
mechanisms on joint behaviour can be determined. This portion of the numerical process will not 
consider damage progression and is merely used to passively determine the extent of plasticity in the 
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bondline. To begin with, the load at a critical point in which the yield and knee point, on the adhesive 
stress strain response are exceeded, was determined for each joint case. These load values are normalised 
to the previous linear elastic predicted failure loads presented in Figure 4-11. An example of the critical 
point at which sufficient plasticity is deemed to occur has been shown in Figure 4-20. This was done by 
either the extent of the critical plasticity stress reaching the bond centerline, or by progressing at least 
three elements beyond the crack tip, to remove any stress singularity concerns due to mesh sensitivity. 
The reason for these specific boundary definitions is due to non-flawed samples promoting plasticity 
development through the thickness of the adhesive, where joints which contained flaws would experience 
plasticity progress along the length of the bondline. Once plastic zone has reached the centerline, or had 
extended by three elements, the applied load was noted. 
 
Figure 4-20: Adhesive yielding example where the plastic zone extends to the adhesive centreline 
The critical load corresponding to plastic deformation in the adhesive layer is presented in Table 
4-7. From these values, it can be concluded that the adhesive layer reached its yield point quite early in 
the loading process across all cases. Although there is only a marginal change in adhesive stiffness 
beyond the yield point to the knee point, however, due to the inelastic response, there is an additional 
energy dissipation mechanism throughout the bondline. That is, if damage progression was simulated 
with the inclusion of elastic-plastic deformation in the bondline, the applied work would not only 
responsible for damage progression, but also for permanent deformation of the adhesive layer. Therefore, 
under this condition the extent of damage in certain cases may be reduced. For some joint conditions 
presented in Table 4-7, it can also be seen that the knee point is exceeded prior to failure of the linear 
elastic joints. If this is the case, then larger portions of applied energy would be consumed into inelastic 
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deformation of the adhesive layer due to the low stiffness. From this preliminary analysis, it can be 
determined that further investigation is required into the damage tolerant assessment of bonded composite 
scarf joints, with the inclusion of elastic-plastic behavior in the bondline. 
Table 4-7: Inelastic deformation results at which yield and knee point first reach critical values 
Numerical Model % Load at Yield Point % Load at Knee Point 
3°, stiff, NF 21% 84% 
3°, stiff, 10% TF 35% 140% 
3°, stiff, 20% TF 23% 116% 
3°, stiff, 40% TF 29% 126% 
3°, stiff, 20% CF 24% 100% 
3°, stiff, NF - S 22% 83% 
3°, stiff, 20% TF - S 20% 83% 
3°, stiff, 40% TF - S 24% 90% 
5°, stiff, NF 19% 68% 
3°, soft, NF 21% 84% 
3°, stiff, NF - D 34% 140% 
4.5 Conclusion 
The work presented in this chapter has provided new knowledge towards damage tolerant 
assessment, on modelling a widespread of composite bonded scarf joints. The purpose of this work was to 
fully understand the key driving parameters and characteristics governing the strength predictions towards 
bonded composite scarf joints. It was found that the presented numerical methodology could successfully 
attain strength predictions across several cases at RT, and provide new insight into the effect of active 
damage along the adhesive-adherend interface. Several factors can be observed to have a significant 
influence on determining joint strength. These include the reduction in effective bond area across flawed 
and non-flawed cases, the stress concentration due to the presence of a crack tip, and the level of out of 
plane deformation due to an eccentric load path from geometrical asymmetry. This out of plane 
deformation would typically lead to an increase in Mode I stresses occurring along the bondline, 
particularly at a crack-tip in the adhesive-adherend interface. Scarf joints which were able to transfer load 
between adherends dominantly in Mode II deformation would exhibit superior joint performance. In 
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addition, correctly modelling effective bond length represented from experiment was of importance 
towards accurate numerical predictions. 
For all modelling cases, failure has been highlighted by three general stages, which has not been 
presented previously. These are described by crack opening/displacement, stable crack growth and 
unstable crack growth phases. For composite scarf joints without the presence of a disbond, the level of 
stable crack growth prior to ultimate failure was relatively small in comparison to cases where pre-flaws 
are considered. A general observation that can be made is that models which observe early onset to 
damage will experience greater levels of stable progression. This is in comparison to joints which observe 
damage initiation closer to the ultimate load and consequently results in a rapid progression of failure. 
These findings are significant as typical scarf joint designs are based on the ultimate strength, where 
results in this chapter prove that initiation to failure may occur significantly earlier. If damage initiation 
loads are not considered, a detrimental design flaw could be exposed to flight safety, particularly to flight 
critical structures. 
From the experimental results observed in Chapter 3, several failure paths can be identified across 
the various environmental conditions, which are described by interlaminar delamination, intralaminar 
failure of individual composite plies, composite failure along the adhesive-adherend interface, and 
damage of the adhesive layer. The methodology presented in this chapter, describes a relatively simple 
failure response by the initiation and propagation of damage along a single failure path, using composite 
fracture properties. If numerical damage tolerant design of bonded composite scarf joints is to be 
considered across multiple environmental conditions, where significant changes in the failure response 
has been observed, further investigation is required into an adequate numerical method.  
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Chapter 5. Novel Scarf Joint Modelling Methodology 
5.1 Introduction 
The numerical method described in Chapter 4, bases failure on the simple assumption that damage 
will progress only along the adhesive-adherend interface, to which propagation is dictated by fracture of 
the composite. Although this simple numerical approach can provide representable joint performance, key 
mechanisms highlighted from post failure analysis (Chapter 3) are not captured with the current 
methodology. These mechanisms include the combination of interlaminar delamination, intralaminar ply 
failure, failure along the adhesive-adherend interface and bulk failure of the adhesive layer. Findings from 
Chapter 4 also describe the need to provide further investigation into the elastic-plastic behaviour in the 
bondline. Currently there is a lack of understanding on how the critical failure mechanisms in bonded 
composite joints, identified in Chapter 3, initiate, interact and develop to cause overall failure. From a 
thorough review of the literature, a numerical methodology is yet to be developed which describes the 
interaction and progression of all these aforementioned key failure mechanisms in bonded composite 
scarf joints. 
To address this lack of knowledge, the research in this chapter presents the development and 
application of a new numerical modelling methodology which can simulate interlaminar delamination, 
intralaminar ply failure, failure along the adhesive-adherend interface and bulk failure of the adhesive 
layer in bonded composite scarf joints. Numerous damage modelling approaches have been reviewed 
from literature for accurate representation of composite and adhesive damage progression, which include 
interface CZM analysis, fibre reinforced failure models using CDM, and failure of ductile materials 
through CDM. From the development and validation of this new methodology, an emphasis is put 
towards providing new scientific insight into the critical damage mechanisms which cause overall failure 
for pristine and pre-flawed scarf joints modeled at RT. By conducting this research, a significant 
improvement in the current understanding of damage tolerant behaviour on bonded composite scarf joints 
is presented. This is a critical step towards the development of scarf joint design guidelines for primary 
aerospace structures, where the findings presented will pose as a significant outcome for future industrial 
application. 
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5.2 Numerical Design Methodology 
A similar modelling setup has been applied from the previous work presented in Chapter 4, 
however some key changes are required. To simulate the combination of interlaminar delamination, 
intralaminar ply failure, failure along the adhesive-adherend interface and bulk failure of the adhesive 
layer, the Abaqus/Explicit solver was used due to the superior capability of processing highly non-linear 
analyses, in comparison to the Abaqus/Standard (implicit) regime. A thin 3D “slice” model of the scarf 
joint cross section is now implemented due to requirements of the failure criteria in the Abaqus/Explicit 
solver. The solution is time dependent, and thus an appropriate analysis period is selected. Finally, several 
material parameters will be required in addition to what has already been applied in Chapter 4. This 
involves characterising continuum damage properties for both the adhesive and composite laminate. As 
with previous numerical work, this chapter will focus on modelling of IM7/977-3 bonded composite scarf 
joints at RT. As a 3D model is being simulated, some additions to the boundary condition setup is also 
required to the setup described in 4.3.2 Model Geometry. The new setup will now be discussed in detail. 
5.2.1 Full Failure Model (Model B) 
As mentioned, a 3D slice scarf joint model will be implemented for subsequent analyses. For the 
Abaqus/Explicit solver, cohesive surface interactions can currently only be applied to a crack plane, not a 
2D edge. In addition, the fibre reinforced composite failure model available in Abaqus can only be 
applied to shell element formulations, where the elements are required to be in line with the ply plane to 
represent the fibre and transverse fibre vectors. As such a thin 3D slice of the width for each scarf joint is 
modelled, where a single element in the joint width vector is used, as depicted in Figure 5-1, which is 
approximately equal to one ply thickness. No other sizing parameters have changed from the previous 
meshing arrangement. Due to the use of 3D elements, a true plane strain model is not initially represented 
and behaves closer to that of a plane stress arrangement. Additional boundary conditions need to be 
introduced to constrain the model as such. Nodes on both the front face and rear face of the joint cross 
section were constrained such that no out-of-plane displacement could occur into the z axis. The meshing 
arrangement is highlighted in Figure 5-1. 
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Figure 5-1: Numerical definitions and mesh details 
Modelling of the composite plies in the constant mesh region consisted of 8-noded quadrilateral in-
plane general-purpose continuum shell elements, with reduced integration and hourglass control (SC8R) 
and fully integrated 6 node wedge (C3D6) elements at the ply tip regions. For the far field (one way 
biased meshed region in Figure 5-1), 8-noded linear brick, reduced integration elements with hourglass 
control (C3D8R) were utilised. No composite damage was considered in the far-field region. For 
hourglass control of the reduced integration elements the “stiffness” function was chosen, as this is 
recommended in the Abaqus manual for quasi-static analysis. For assessment of the adhesive layer, 8-
node linear brick elements (C3D8) were implemented. Doubler integration was essential to maintain 
accuracy with such complex solutions. A depiction of the element type and locations are described in 
Figure 5-2. 
 
Figure 5-2: Element type locations for scarf joint analysis 
Implementation of the failure criteria was defined by the following regions depicted in Figure 5-3. 
CZM has been used to represent two failure modes. These include composite failure along the adhesive-
adherend interface, as presented in Chapter 4, and between individual plies themselves to represent 
interlaminar delamination. The adhesive layer consisted of an elastic-plastic constitutive response, along 
with progressive failure using CDM. Finally, individual plies were applied with a fibre reinforced 
composite failure model, using CDM, to represent the through thickness adherend damage. By providing 
such a numerical setup, failure of the joint is not limited by a pre-defined failure path, but by a failure 
region where damage can freely initiate and propagate to cause overall failure. 
   RMIT University, Australia 
133 
 
 
Figure 5-3: Failure model locations throughout scarf joint model 
5.2.2 Material Properties 
The adhesive and composite material properties used previously in Chapter 4 were applied to the 
new numerical approach, which have been reiterated in Table 5-1 and Table 5-2. A description of the 
CZM parameters is provided previously with regards to Table 4-3. Note that previous composite stiffness 
properties were pre-transformed into corresponding ply rotations (see Table 4-1) due to the 2D model 
setup. For the current numerical approach, only a single ply material card needs to be defined, with each 
ply section in the model assigned to a transformed coordinate system which correspond to 0°, 45°, -45° 
and 90° orientations. No changes are required to implementation of the fracture toughness properties.  
Another addition to the material property set are the initiation and propagation values for damage 
to the composite laminate. As a 2D fibre reinforced failure model is being implemented, several tensile, 
compression and shear properties are required for both the fibre and matrix components. For a full 
description of the Abaqus fibre reinforced failure criteria, see 9.1.5 in Appendix A. The associated values 
for IM7/977-3 at RT are presented below in Table 5-2. Fibre tension and compression fracture toughness 
properties for the fibre reinforced failure model were set at 100 kJ/mm
2
, while transverse fibre (matrix) 
tension and compression fracture values were set to the Mode I interlaminar fracture toughness value of 
0.22 kJ/mm
2
. A 2012 review paper into translaminar fracture toughness testing describes that measured 
toughness of transverse interlaminar matrix cracking are comparable to their interlaminar counterparts 
[149]. Note that the fibre tension and compression fracture toughness is the energy required to cause 
rupture in the ply elements aligned along the fibre direction under each loading condition, while the 
transverse fracture toughness describes the same feature, however, due to matrix failure orthogonal to the 
fibres. 
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Table 5-1: IM7/977-3 laminate material properties 
 
 
 
 
 
 
 
 
Table 5-2: Linear-elastic vs elastic-plastic material properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5-3: IM7/977-3 RT laminate material failure properties [MPa] 
 
 
 
 
 
 
 
The constitutive behaviour of the adhesive layer is defined using general mechanical properties 
including stiffness, plastic strain, stress and Poisson’s ratio. Von Mises yielding is assumed for the 
adhesive layer from which onset to damage is defined by a plastic strain limit. The elastic-plastic adhesive 
response was modelled by tabular input of the plastic strain values and corresponding stress values. For 
damage initiation of the adhesive layer, the value has been set to the ultimate equivalent plastic strain 
(0.305), while the fracture toughness which governs the damage propagation has been set to the Mode I 
E1 E2 E3 ν12,13 ν23 G12,13 G23 
164,000 9,860 9,860 0.33 0.34 4,950 2,944 
Fracture Property Gi [kJ/mm
2
] Ki [N/mm
3
] ti [N/mm
2
] 
Mode I 0.22 10
5 
30 (σ) 
Mode II 0.90 10
5
 60 (τ) 
Mode III 0.90 10
5
 60 (τ) 
Linear-Elastic 
Young’s Modulus 
[MPa] 
Elastic-Plastic 
Young's Modulus 
[MPa] 
Poisson’s 
Ratio 
1175 1577 0.3 
Stress [MPa] Total Strain [ε] Plastic Strain [εpl] 
24.6 0.009 0.0 
72.9 0.054 0.045 
86.3 0.314 0.305 
Failure Type Symbol Strength (MPa) 
Longitudinal Fibre Tensile Strength Xt 2,825 
Longitudinal Fibre Compressive Strength Xc 2,275 
Transverse Tensile Strength Yt 66 
Transverse Compression Strength Yc 275 
In-Plane Shear Strength S12 110 
Out-of-Plane Shear Strength S23 130 
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bulk adhesive value of 0.9 kJ/mm
2
 [96, 150]. For a full description of the CDM failure criteria applied to 
the bulk adhesive layer, see 9.1.3 in Appendix A.  
5.2.3 Numerical Model Validation 
Several studies were first conducted to validate that a converged state in the explicitly integrated 
models is being reached. This has been discussed and presented in detail in Appendix B, where suitable 
analysis time and mass scaling parameters have been determined. Initially several models, with various 
active damage mechanisms, are investigated to identify the most appropriate approach that results in 
accurate strength predictions. Once a suitable model is determined, the damage progression and critical 
stress states are examined in a large level of detail. 
5.3 Numerical Strength Predictions 
Strength prediction results have been presented in Figure 5-4, with comparisons made to the 
experimental data presented in Chapter 3. As a conclusion to the fidelity of the new numerical modelling 
approach, it can clearly be seen that the predicted ultimate joint strength results are closely representative 
of experimental findings. For this new modelling approach the response of the 45° plies will not be truly 
representative of a joint testing case as three-dimensional width effects will exist. These effects are 
related to the mixed fibre-matrix shear failure nature of the 45° plies. In contrast, the damage progression 
state of the 0° and 90° degree plies are much simpler to capture, as these ply orientations are dominated 
by fibre and matrix failure respectively. By having a numerical scarf joint model, that is a single element 
in width, the failure response of the 45° plies will tend to be conservative using the design material 
parameters. In addition, the fibre reinforced model assumes a linear elastic material response before onset 
to damage, which is not the case 0f +/- 45° test data [151].  An example which highlight this effect of the 
45° is the “3° soft NF” case, which has shown greater conservatism in strength predictions compared to 
all other test cases. With the transition to the “soft layup” a greater portion of the load is being carried by 
the 45° plies and thus premature predicted failure occurs. It is expected that for this case, full width 
modelling will yield more accurate strength predictions. If the same modelling strategy was to remain, the 
45° stiffness, strength and toughness values could also be calibrated to a representative response, however 
this approach would be an approximate that represents the fibre-matrix ply behaviour. 
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As a general conclusion to failure progression of pristine joints, damage was typically found to 
initiate within the 45° and 90° plies, directly adjacent to the 0° ply tip. Once this damage state developed 
sufficiently, a load path discontinuity would present itself which would induce an interlaminar 
delamination at the 45°/90° ply interface. By having the delamination active in the 45°/90° ply interfaces, 
the damage was able to progress towards the adhesive/adherend interface and eventually leading into 
rapid failure of the joint. For cases where a disbond was present, damage would tend to initiate from the 
flaw tip and progress through the composite adherend 45° and 90° plies until a similar failure progression 
to the pristine joints was observed. As the failure load was approached for several cases, signs of adhesive 
failure would present itself. The degree of adhesive failure was a direct correlation to the failure load, 
where greater joint strength results in larger levels of adhesive damage. Although, the levels of adhesive 
damage observed was relatively small. The progression of damage is discussed in detail for each joint 
case in section 5.4 RT Joint Mechanism Discussion. 
 
Figure 5-4: Complete mechanisms failure model numerical results (Model B) 
Additional numerical models were also simulated to investigate the effect of limiting the active 
failure mechanisms present in the bonded composite scarf joint analyses. By doing such a study, an 
appreciation can be drawn to the requirement of these progressive failure criteria for accurate strength 
predictions across all scarf joint cases. For these parametric study models, elastic-plastic adhesive 
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deformation, progressive failure of the bondline and composite based failure at the adhesive-adherend 
interface remains active. The parametric studies include removing the following mechanisms from the 
full damage progression criteria presented in Figure 5-3: 
 intralaminar and interlaminar composite failure 
 intralaminar and interlaminar composite failure, along with deletion of the 90° ply tip 
regions 
 interlaminar delamination failure only 
At this point, there are now several numerical modelling approaches being considered. To help 
simplify the discussion, Table 5-4 presents the abbreviation for each methodology below. 
Table 5-4: Numerical failure model abbreviations 
Model Name Model Abbreviation 
Description of Active 
Mechanism 
Linear Elastic Interface 
Failure Model (Chapter 4) 
Model A 
Linear elastic bondline, 
composite failure along single 
joint interface 
Full Failure Model Model B 
Interlaminar, intralaminar, 
bondline (elastic-plastic) and 
dual composite interface 
failure 
Bondline Interface Failure 
Model 
Model C 
Bondline (elastic-plastic) and 
dual composite interface 
failure 
90° Ply Tip Removal 
Failure Model 
Model D 
Bondline (elastic-plastic) and 
dual interface failure, with 
deletion of the 90° ply tips 
Intralaminar Bondline 
Interface Failure Model 
Model E 
Intralaminar, bondline (elastic-
plastic) and dual composite 
interface failure 
5.3.1 Bondline Interface Failure Model (Model C) 
To begin with, a series of elastic-plastic adhesive failure models were simulated, where progression 
of composite damage was limited to the bondline and adhesive-adherend interface only. No damage 
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development is being considered from interlaminar and intralaminar composite failure. The full spread of 
numerical strength predictions is presented in Figure 5-5.  
 
Figure 5-5: Adhesive interface failure model numerical results (Model C) 
As a general conclusion, it is noticed that strength predictions tend to increase in comparison to the 
values presented in Figure 5-4, obtained from Model B. For a significant portion of the cases it can be 
observed that accurate strength predictions remain consistent with previous predicted values. These 
results highlight the joint cases which are relatively insensitive to the inclusion of intralaminar and 
interlaminar adherend failure towards overall accuracy in strength predictions. However, noticeable over-
predictions are present for the 3° pristine unsupported and sandwich supported cases. These increased 
values in strength predictions are a result of damage initiation occurring later in the loading process, in 
comparison to the previous Model B which had incorporated intralaminar and interlaminar failure.  
Observation of critical stress regions in the composite laminate provides the detailed reasons to 
these increased strength values. The maximum transverse tensile strength for IM7/977-3 is 66 MPa. For 
the current modelling setup, this critical stress value is being reached in the 90° loaded plies at 36%, 38% 
and 24% of the predicted failure loads for the 3° pristine unsupported, pristine supported and pristine soft 
cases, respectively. An example of these stresses along the loading axis is shown below in Figure 5-6 for 
the stiff pristine unsupported joints. Regions in which these critical stresses occur are in correlation to 
what has been observed in experimental post failure analysis; refer to section 3.4.6 Micro CT Analysis. 
Thus, is can be concluded from this study that some form of adherend failure is required for a robust 
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numerical methodology that can accurately provide strength predictions for various scarf joint geometries. 
If damage tolerant design was to consider pre-flawed joints only, the application of intralaminar and 
interlaminar failure criteria would not necessarily be an essential requirement. However, this will heavily 
depend on whether only ultimate joint strength predictions are of interest, or whether a detailed analysis 
into the progression of failure mechanisms is required. 
 
Figure 5-6: 90° ply stresses, limited to 66 MPa for a 3° pristine stiff unsupported case 
5.3.2 90° Ply Tip Removal Failure Model (Model D) 
To better understand how the effect of the load-carrying capability of the 90° plies near the scarf 
region a series of models were simulated which considered the tip of the 90° plies as a void. The removal 
of these elements from the model was based on experimental evidence shown previously in section 3.4.6 
Micro CT Analysis, which describes that transverse matrix damage of the 90° plies has occurred during 
failure. Numerical evidence in Figure 5-6 also describes that stresses in the 90° plies are exceeding that of 
the transverse ply tensile strength relatively early in the loading process. From the removal of these ply 
tips, discontinuities in the load path are created which presents a simple composite adherend failure 
model. A depiction of the void can be observed in Figure 5-7. 
By removing the 90° ply tips, the analysis the most severe failure scenario is considered, where no 
load from the 90° plies are being directly transmitted from the adherend into the bondline. Instead they 
are redirected into the adjacent 45° plies. This creates a strength prediction envelope between the 
modelling methodologies which do and do not consider the 90° ply tip contributions to joint performance. 
From this numerical approach, strength prediction results are presented in Figure 5-8. The effects of 
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removing the 90° ply tips resulted in large distinct drop in the load-carrying capability of several joint 
cases. Stresses experienced by the bondline rapidly increase with applied load due to the reduced 
effective bondline area, while showing the presence of large gradients between adhesive regions which 
are adjacent to the 90° plies (which are essentially carrying no load), and the 0°/45° plies.  
 
Figure 5-7: Example of 90° ply tip removal from numerical Model C 
An example of the bondline stress profiles are presented further in Figure 5-10. These drastic 
changes in the bondline response cause composite damage to initiate and propagate, from several void 
regions along, the joint interface, thus accelerating the progression of the overall damage. From these 
results, the progressive damage nature of the critical composite plies should be taken into design 
consideration, particularly if the goal is to understand the behaviour of key failure mechanisms. 
 
Figure 5-8: 90° ply tip removal strength predictions (Model D) 
5.3.3 Intralaminar Bondline Interface Failure Model (Model E) 
The final parametric study replicated the spread of failure phenomena presented in Model B, with 
the exclusion of interlaminar delamination, and limitation of intralaminar composite failure only. The 
goal of this approach was to determine whether intralaminar composite failure only dominates the overall 
strength characteristics, or whether the contribution of interlaminar delamination between individual plies 
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is a necessary computational expense towards accurate strength predictions. Results of this numerical 
method are presented in Figure 5-9. It is interesting to note that there is no significant change in ultimate 
strength predictions in comparison to the adhesive/interface failure models presented previously in Figure 
5-5 (Model C). Based on the 90° ply stress results from Figure 5-6 (Model C), damage of these plies is 
expected to be commencing relatively early in the loading process. However, changes in the stress 
distribution along the bondline, with the addition of intralaminar ply damage, are not largely identifiable 
in comparison to the Model C, which only considers bondline and composite interface failure. A 
comparison between bondline stress distributions of Model C and Model E is highlighted in Figure 5-10.  
 
Figure 5-9: 3D continuum shell damage modelling results (Model E) 
Failure initiation and progression phenomena can now be analysed. An example of damage 
activation is presented in Figure 5-11, where a contour plot of the matrix tension initiation is presented for 
the 3° pristine unsupported case. For regions where the contour reaches a value of 1, damage progression 
immediately follows with increasing levels of applied load. From these results, damage has initiated at 
approximately 40% of the ultimate strength. Figure 5-13 and Figure 5-14 shows the damage progression 
phase (softening of the elements) of the model after the initiation criteria has been met. Based on these 
numerical results it has taken from approximately 40% to 72% of the failure load for the 45°/90° ply tip 
region elements to completely soften. From beyond 72% of the failure load, the extent of the localised 
damage state does not significantly increase. Although these elements are indeed failing, the stress can 
easily be redirected into the adjacent 45° degree plies and then re-entered in the 90° plies. This describes 
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why there is minimal change in the numerical strength predictions from previous models which do not 
consider the effect of intralaminar composite ply failure. In conclusion, results from Model E suggest that 
the combination of both intralaminar failure and interlaminar delamination dictates the performance of 
bonded composite scarf joints under RT conditions. 
 
Figure 5-10: Bondline stress comparison examples for a) pristine, b) 20% TF and c) 20% TF sandwich support 
 
Figure 5-11: Matrix tension failure initiation for the 3° pristine unsupported case (40% of failure load) 
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Figure 5-12: Matrix tension failure progression for the 3° pristine unsupported case (72% of failure load) 
 
Figure 5-13: Matrix tension failure progression for the 3° pristine unsupported case (99% of failure load) 
From the parametric modelling analysis, to attain accurate strength predictions across and to 
accurately represent the presence of active damage mechanisms, Model B has been chosen for further 
analysis. 
5.4 RT Joint Mechanism Discussion (Model B) 
The load level at which each active damage mechanism initiates have been presented in Table 5-5 
to better understand the development of joint failure. Generally, it was found that matrix damage in the 
composite laminate was the first damage mechanisms to occur, relatively early in the loading cycle, 
which varied between 21 – 41% of each test respective failure load. Delamination in the 
adhesive/adherend or composite ply interface was generally the second stage of damage initiation to 
occur followed by the adhesive layer, which would see failure progression occur much closer to the 
failure load. The presented values in Table 5-5 should be taken with caution as the processes described 
would not be exactly replicable in the real world due to the assumptions in the present failure theories. 
However, the values should be appreciated in the sense of giving insight into which mechanisms are 
critical in the design of a scarf bonded repair, providing aid to damage tolerant design.  
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Table 5-5: Damage mechanisms initiation point in terms of percentage failure load 
Test ID 
Matrix Damage 
Initiation
1 
Debonding/Delamination 
Initiation 
Adhesive Damage 
Initiation 
3° Pristine 27% 51% 
2
 92% 
3° 10TF 38% 61% 
3
 99% 
3° 20TF 37% 34% 
3
 94% 
3° 40TF 28% 41% 
3
 99% 
3° 20CF 30% 37% 
2
 99% 
3° Pristine Sandwich 28% 54% 
2
 94% 
3° 20TF Sandwich 25% 29% 
3
 63% 
3° 40TF Sandwich 29% 29% 
3
 78% 
3° Pristine Soft 31% 47% 
2
 99% 
5° Pristine 37% 31% 
2
 99% 
3° Pristine Doubler 35% 38% 
2
 95% 
1
 Outer 45° ply discounted from analysis (excluding 3° Pristine Doubler case) 
2
 CZM initiates at the 45°/90° ply interface 
3
 CZM initiates at the adhesive adherend interface 
The power that FEA has is the ability to discretise various states which have developed throughout 
the loading process. From this capability, individual layers of each damage variable can be presented and 
compared to each other to determine the “when’s and how’s” of joint failure. Qualitative damage analysis 
of the numerical models is analysed in detail on the final damage state for each test case. Comparison of 
the final damage state allows for direct correlation back to experimental findings for additional model 
validation. A general depiction of the analysis region is shown in Figure 5-14. 
 
Figure 5-14: Mechanism analysis region for numerical models 
5.4.1 Pristine Unsupported Cases 
The baseline example of failure mechanisms for the 3° pristine, unsupported scarf joint is 
illustrated in Figure 5-15, showing the composite matrix damage, composite debonding/delamination and 
adhesive layer damage results. Adhesive layer elements which are excessively distorted due to failure are 
removed from the image. In the observed final damage state, the presented failure mechanisms shows 
good correlation to what has been experimentally observed. A major captured feature includes section 
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composite failure of the 45° and 90° ply tips where the failure path enters the composite laminate from 
the adhesive-adherend interface, described by the fibre reinforced failure model. A second major feature 
also includes large levels of delamination within the composite adherend itself, and debonding at the 
adhesive-adherend interface. Finally, the low level of bondline damage is being representatively captured.  
     
Figure 5-15: Damage state for RT 3° pristine unsupported scarf tip region momentarily after peak load 
The development of damage can be explained relatively simply. As described in Table 5-5, 
transverse matric damage within the composite adherend 45° and 90° plies commences at approximately 
21% of the final failure load, near the ply tip termination. Continual loading of the joint increases the 
magnitude of through thickness composite damage until delamination of the 45°/90° ply interface 
activates at approximately 51% load. Upon additional loading both interlaminar and intralaminar 
composite damage increase in size, where delamination begins to extend towards the bondline. Up until 
this point the damage progression contained and stable. Once a critical load is reached, delamination of 
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the composite accelerates into the bondline where rapid debonding of the adhesive-adherend interface or 
failure of the bulk adhesive occurs. The mechanisms described and portrayed in Figure 5-15 describe the 
general failure response along the entire length of the bondline, with this complex mixture between 
bondline and composite damage. The final failure path would prominently be situated along a single 
adhesive adherend interface where composite debonding would occur along the 0° ply tips, and section 
failure of the 45° and 90° ply tip would result due to the low matrix tensile strength. Large levels of 
interlaminar composite delamination does not become present until after the peak load has been reached 
and catastrophic failure occurs.  
 
Figure 5-16: Damage state for RT 5° pristine unsupported scarf tip region momentarily after peak load 
The described phenomena observed in Figure 5-15 are also present for other pristine unsupported 
cases, such as the 5° stiff and 3° soft joints, where the final damage state for these two case are also 
described in Figure 5-16 and Figure 5-17. The 5° pristine unsupported mechanisms are quite similar 
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compared to the response described by the 3° pristine unsupported case. A key difference is earlier 
activation of composite debonding at the adhesive-adherend interface for the 5° case at the bondline 
termination. As the scarf angle increases, so does the level of peel stress being transmitted through the 
bondline, prompting Mode I failure at the adhesive-adherend interface. Larger levels of intralaminar 
composite failure at the 45° and 90° ply tips were also present for the 5° scarf angle case. Unlike the 3° 
joint where the failure path would remain primarily on a single interface, the 5° joint would show the 
failure path transferring from one interface to the opposite in the center joint region. Similar features in 
the final damage state were also observed from the experimental study described in Chapter 3.  
 
Figure 5-17: Damage state for RT 3° soft pristine unsupported scarf tip region momentarily after peak load 
Comparing the 3° soft to stiff joint configuration leads to a change in failure path due to the 
alternate layup, however the progression of damage mechanisms relates quite well, where damage 
initiates in the 45°/90° ply region, and then propagates onto interlaminar delamination leading towards 
the scarf interface. The overall damage state is more catastrophic due to the reduction in 0° plies on the 
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loading axis. From Figure 5-17 the failure path for the 3° soft case shows a large portion of damage in the 
scarf tip region, which matches well to the experimental findings from this thesis.  
5.4.2 Flawed Unsupported Cases 
The progression of damage for unsupported TF and CF scarf joints has been shown in Figure 5-18 
and Figure 5-19. 
 
Figure 5-18: Damage state for RT 3° 20% TF unsupported scarf tip region momentarily after peak load 
Although matrix damage initiates quite early in the loading process, composite delamination from 
the pre-flaw tip is prominent in the overall progression. Typically, the final failure path would initiate 
from the disbond crack tip, and progress across the adhesive layer into the opposing interface. The failure 
path would remain on the opposing adherend for the remainder of the bondline.  Due to the pre-flaw crack 
tip being in regions close to 90° ply tips, it is relatively easy for the damage to progress through the 
bondline into the composite adherend. The 10% TF case shows slightly different mechanisms to what has 
been observed for the 20% and 40% cases. The key difference is that in the 10% TF case the crack 
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propagates for a small finite distance (1 – 2 mm) along the same interface as the pre-flaw, before the 
failure path moves to the opposing interface. For 20% and 40% TF cases, the failure path would 
immediately jump through the adhesive into the opposing composite adherend. Once the failure path has 
entered the opposing adherend, the progression of damage is similar to the 3° pristine unsupported case. 
 
Figure 5-19: Damage state for RT 3° 20% CF unsupported scarf tip region momentarily after peak load 
Relocation of the TF to a CF also alters the failure response of the composite joint. This is 
described by failure initiating at the scarf tip region in the composite adherend and progressing its way to 
along the joint bondline towards the center pre-flaw. As with previous analyses the failure path begins at 
the composite 45° and 90° ply tip regions and cause an interlaminar delamination progressing towards the 
bondline. Debonding at the adhesive-adherend interface appears to show a complex mixture adhesive and 
composite damage as the failure path approaches the center flaw from the scarf tip region. The failure 
path will also cross the bondline 1 – 2 mm prior to reaching the pre-flaw. The behaviour which has been 
described by the CF model matches well with experimental findings. 
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5.4.3 Pristine Supported Cases 
The addition of a sandwich support onto a pristine repair shows consistent composite failure 
mechanisms which match that of the unsupported counterpart presented previously in Figure 5-15. For 
this case, the damage would initiate in the composite 90° plies near the scarf tip region, which induces 
delamination at the 45°/90° ply interface, that progresses towards the bondline, and cause overall failure 
of the joint. The key difference this time being that there are instances of bondline based damage as the 
failure path progresses along the adhesive-adherend interface adjacent to the 0° plies. Referring to Figure 
3-20, it can be observed that for the 3° pristine supported RT case there is indeed remnants of adhesive at 
the 0° ply locations. This indicates that the inclusion of the sandwich support allows for maximum 
performance of the adhesive to be used along particular regions of the bondline.  
 
Figure 5-20: Damage state for RT 3° pristine sandwich supported scarf tip region momentarily after peak load 
Experimental evidence shows that for the 3° pristine doubler case, damage progresses through the 
outer 45° ply, and caused interlaminar delamination along the 45°/0° ply interface, as described by Path A 
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in Figure 5-22. However, in the previous numerical Model A, debonding of the doubler has been done so 
that failure progresses along the adhesive-adherend interface for simplicity, as damage was not able to 
progress through the composite laminate, which is presented by the CZM contour in Figure 5-21.   
 
Figure 5-21: RT Scarf doubler initiation point under linear elastic CZM analysis 
Damage is initiating from the doubler termination, which is controlled by the thickness of doubler 
and interlaminar tension strength [98, 152]. Using a thinner doubler or tapering off the doubler ends can 
prevent this type of failure occurring. In this instance, the thick doubler application has caused the 
interlaminar tension strength to be exceeded. A depiction of the final damage state for an experimental 
sample, at the doubler termination, is provided in Figure 5-22, where removal of the first ply is evident.  
 
Figure 5-22: RT Scarf doubler initiation point from experimental observation 
To accommodate for failure progression that enters the composite adherend, a fibre reinforced 
failure model has been included in the outermost adherend ply along the entire length of the model, in 
conjunction with delamination of the 45°/0° ply interface. From the doubler termination, the failure path 
can now progress the outer most laminate ply and along the 45°/0° ply interface until the scarf region is 
reached. From numerical analysis, matrix tension damage at the doubler termination region would initiate 
first. This transverse ply damage would quickly progress into a delamination at the first ply interface 
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which quickly progresses parallel to the doubler. Note that no adhesive damage is present along the 
doubler bondline region, see Figure 5-23 for the final damage state at the doubler termination. 
 
Figure 5-23: Damage state for RT 3° pristine doubler supported case momentarily after peak load 
Once the delamination from the doubler tip reaches the scarf region, debonding at the scarf tip and 
composite damage begins to initiate at the first set of adjacent 45°/90° ply tips. Once matrix damage has 
initiated, interlaminar delamination immediately follows and the failure path works its way to the 
adhesive-adherend interface. This process of composite section damage within the 45°/90° ply tips, 
delamination along the adjacent ply interfaces, and debonding along the 0° ply tip/bondline interface 
continually works its way along the entire length of the joint until ultimate failure. The state of resultant 
damage in the scarf region is depicted in Figure 5-24. 
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Figure 5-24: Damage state for RT 3° pristine doubler supported scarf tip region momentarily after peak load 
5.4.4 Flawed Supported Cases 
For the TF supported cases, large levels of both composite interface and adhesive layer damage are 
occurring during the loading process at the crack tip. To give some contrast, previous Model A cases such 
as unsupported pristine and pre-flawed joints, observed significant adhesive damage would do so after the 
maximum load is reached. This indicates that by supporting the flawed specimens the performance of the 
adhesive is being fully utilised as the strain levels are reaching the set limit for the adhesive layer. The 
final damage state is shown in Figure 5-25. 
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Figure 5-25: Damage state for RT 3° 20% TF sandwich supported scarf tip region momentarily after peak load 
In terms of the final damage progression state, the numerical predictions for both 20% and 40% 
cases differ slightly from experimental observation. As composite debonding and adhesive damage are 
progressing its way along the bondline from the crack tip, composite section failure is simultaneously 
occurring in the nearest adjacent 45°/90° plies. Once these two damage fronts meet each other, the 
damage progression becomes unstable along the bondline interface and causes overall joint failure. Where 
the final failure path predicted by the numerical simulations differs from that of the experiments is in the 
initial 45°/90° ply tip region. Experiments show that once the failure path has extended into the composite, 
interlaminar delamination occurs which leads the damage progression back towards the bondline interface. 
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Beyond this initial damage region, the overall failure response matches well with experiments, which 
shows a mixture of composite and adhesive failure along the bondline. 
5.4.5 Bondline Plasticity Analysis (RT) 
Similar to inelastic bondline deformation assessment presented in Chapter 4 (Figure 4-20), the 
percentage failure load at which stress levels in the adhesive layer reaches critical plasticity values is 
presented below in Table 5-6. Two critical plasticity analysis points have been defined, which are 
described by the percentage of the applied load when a region within the bondline reaches the adhesive 
yield point, and at which the knee point is reached. The corresponding percentage loads were not 
recorded until the level of inelastic deformation had reached either the bond centerline, or had progressed 
three elements beyond the crack tip. For reference, the yield point describes when minor softening of the 
adhesive layer begins to occur, whilst the knee point shows when large inelastic deformation initiates. 
The regions in which adhesive plasticity occur are described by the 0° ply tips stress concentrations 
towards the outer joint composite ply layers, for pristine cases, while pre-flawed joints experiences 
plasticity at the crack tip. The yield and knee points are shown in Figure 4-3 for the FM300-2K technical 
data. 
Table 5-6: Plasticity initiation points in terms of percentage failure load 
Test ID Yield Point Knee Point 
3° Pristine 23% 64% 
3° 10TF 22% 86% 
3° 20TF 22% 89% 
3° 40TF 20% 97% 
3° 20CF 25% 95% 
3° Pristine Sandwich 24% 65% 
3° 20TF Sandwich 12% 45% 
3° 40TF Sandwich 14% 56% 
3° Pristine Soft 30% 86% 
5° Pristine 29% 100% 
3° Pristine Doubler 44% 86% 
As it can be seen from Table 5-6, low levels of inelastic deformation occur early in the loading 
process for all simulated cases. For some test cases, regions along the bondline with large inelastic 
deformation, as early as 45% of the total failure load, are evident. The cases with the highest level of 
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inelastic deformation are both TF sandwich supported specimens. From these results, it can be concluded 
that a sandwich supported joint, with disbond at the adhesive-adherend interface, greatly increases the 
level of large inelastic deformation in comparison to the unsupported TF joints. Two other cases that 
exhibit large inelastic deformation, approximately at 65% of the failure load, are the pristine unsupported 
and sandwich supported joints. For the remaining cases, large inelastic deformation does not begin to 
occur until after 86% load bearing capacity, where damage of the bondline does not happen until 
approximately 86% of the failure load. 
5.5 RT Joint Stress Analysis 
From the qualitative assessment of the damage progression, it is important to understand how these 
composite and adhesive failure criteria are affecting the load transfer between adherends. Firstly, it has 
been shown by strength predictions in Figure 5-4, and graphically shown in section 5.4.1 through 5.4.4, 
the strength of the composite adherend does indeed play a critical role in affecting the overall joint 
behaviour for specimens tested at RT conditions. An initial assessment of the critical element stress state 
located in the 90° ply, vs the applied load, for several cases is presented in Figure 5-26.  
 
Figure 5-26: Resultant stress in critical 90° ply element vs applied load for various RT example cases 
The stress component corresponds to that aligned with the loading axis vector. These results show 
that stiffness degradation occurs in elements before ultimate failure of the joint. Further consideration can 
also be given to the progressive load and failure of a critical element in the bondline, which has been 
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presented in Figure 5-27. An example of the yield point, knee point and ultimate failure points have also 
been identified on the 20% TF sandwich support case for reference. It is evident from the results, the 
development of damage is influenced by the joint configuration, because the development bondline stress 
distribution is not constant.  
 
Figure 5-27: Shear stress in critical adhesive element vs applied load for various RT example cases 
To understand how the stress distribution develops over the loading process, a series of bondline 
and composite stress profiles for each case is presented for various levels of applied load. The composite 
stress profiles have been offset from the bondline interface to coincide with the critically stresses regions 
presented in Figure 5-26. A depiction of the setup has been presented in Figure 5-28. It is important to 
note that the bondline stresses and composite stresses presented are of two different quantities. For the 
adhesive profiles, shear stress is shown using the coordinate system presented in Figure 4-15. While for 
the composite, the tensile stress component along the loading axis is extracted. 
 
Figure 5-28: Composite and bondline stress profile setup 
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Figure 5-29 illustrates how the composite and adhesive stresses develop over time for the 3° 
pristine unsupported joint. As the analysis approaches 20% of the maximum applied load the bondline 
stresses represents that of the classical linear elastic solution and no damage is presented in the composite. 
As the applied load exceeds values corresponding to composite matrix damage and delamination (see 
Table 5-5), the shape of both the composite and adhesive stresses begin to shift from the linear elastic 
response. Focusing on the composite stress results only, when the applied load level reaches 60% it can 
be observed that stress losses are apparent at the 90° ply locations. As these composite damage processes 
develop over time, the bondline stress state begins to change in locations adjacent to 0° ply locations. 
With increasing load, the severity of the adhesive response degrades until overall joint failure occurs. The 
bondline stress results also show that as the load increases, and damage occurs in the composite scarf tip 
regions, the effective bond length reduces at the beginning and end of the bondline.  
 
Figure 5-29: Composite and bondline stress comparison for RT 3° unsupported pristine joint 
Note that the composite stress results presented in Figure 5-29 show that only a very narrow region 
of the 90° ply stress drops to zero. Recall that there is only one element per ply and the elements are 
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modeled with 3D continuum shells in this region. Observation of Figure 5-26 shows that the entire 90° 
ply element does indeed fail, however at the integration points. 
From observation of Figure 5-29, it is interesting that damage in the 45° and 90° plies could affect 
the bondline stresses adjacent to the peak 0° ply stress region. However, this composite damage to 
composite response discrepancy is simply a geometrical feature due to the path plot locations and 
orientation, which has highlighted in Figure 5-30. In this example, as damage of the 45° and 90° plies 
occurs in the composite adherend, a load line discontinuity is being created. Due to the discontinuity, 
stresses in the composite section are redistributed into the adjacent loadbearing 0° plies and reenter the 
45° and 90° plies located after the load path discontinuity. Because of this process, the adhesive stresses 
located adjacent to the 45° and 90° ply locations is effectively able to transfer load across to the opposing 
adherend. For the stress state below the load path discontinuity, the adhesive is not able to transfer the 
load, which also happens to be located directly adjacent to a load bearing 0° ply. As the stresses are not 
able to be effectively redistributed below the load path discontinuity through the adhesive, the bondline 
stresses begin to reduce. This turns into a critical situation as the adhesive becomes less effective at 
transferring the high shear stresses due to the stiff 0° plies. Note that the features describe here are 
particular to the layups and geometry presented in this thesis and will change for different material and 
geometrical situations. 
 
Figure 5-30: Interaction between composite damage and adhesive stress response prior to ultimate failure (3° pristine 
unsupported joint) 
The features described above are also consistent for the remaining RT test cases. Full results of the 
composite and bondline stress profiles have been presented in Appendix D. These results can be used to 
interpret the extent of damage along the composite joint up until ultimate failure.  
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An additional check was made to assess the state of normal stresses in the bondline. The ultimate 
tensile strength of the bulk adhesives was calculated using the equivalent yield stress criterion of 72.9 
MPa, presented previously in section 4.3. Analysis showed that for all cases the peak normal stresses 
along the length of the bondline were relatively low in comparison to other dominating mechanisms in the 
joint. Table 5-7 describes the maximum percentage of equivalent yield stress reached by the positive 
normal stresses in the adhesive layer. The presented values only refer to positive normal, or tensile, 
stresses as the compressive component is assumed not to be a significant contributing cause of failure in 
this instance. Note that the values presented are in the presence of damage and taken just prior to ultimate 
failure. For reference, an example plot of the normal stresses is presented in Figure 5-31, which include 
both tensile and compressive components. Typically, the locations where sharp stress gradients occur are 
coincident with areas of damaged composite adherend along the length of the bondline. The areas at 
which damage occur are shown by the 0° ply locations, as described previously by the adhesive shear 
stress analysis. If no damage occurs at these 0° ply locations then the normal stresses in this region are 
typically in compression, unless a TF exists. Adhesive normal stresses located at 45° and 90° ply regions 
are typically in tension up until joint failure. As the maximum normal stress value for each case is 
relatively low in comparison to the equivalent 72.9 MPa yield strength, this stress component is assumed 
to not largely contribute to ultimate failure and shear stress remains the primary component of focus. 
Table 5-7: Max positive normal stress in bondline for all cases (RT) 
Test ID 
% max +'ve' 
normal stress 
3° Pristine 22% 
3° 10TF 29% 
3° 20TF 21% 
3° 40TF 30% 
3° 20CF 20% 
3° Pristine Sandwich 41% 
3° 20TF Sandwich 27% 
3° 40TF Sandwich 28% 
3° Pristine Soft 28% 
5° Pristine 22% 
3° Pristine Doubler 31% 
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Figure 5-31: Example bondline normal stress plots just prior to joint failure (RT) 
5.6 Composite Assessment Design Approach (RT) 
Classical joint design typically assumes the bondline is fully effective in carrying load, and that the 
overall joint performance usually revolves around sizing the adhesive such that critical stress values are 
not exceeded during everyday operation. An example of a classical design approach is presented by Hart-
Smith, which describes a bondline stress-strain response [98]. For a typical design limit, it is stated that 
the adhesive must not be deformed beyond the knee point in the stress-strain response. This is acceptable 
if a composite scarf joint is conservatively designed and does not observe loads that cause some adherend 
damage to occur, or is in the presence of a disbond. As joint designs become less conservative, 
complicated mechanisms such as composite damage in the 90° plies may breach the assumption that the 
adhesive is fully and effectively transferring load between the two adherends, such as the example 
presented in Figure 5-29. From the knowledge gained in Chapter 5 thus far, a new consideration into joint 
design should be applied for future practice, particularly towards damage tolerance assessment of 
composite performance to primary aerospace structures. This could be done by assessing the stress state 
specifically at the critical 45° or 90° ply tip regions and noting the corresponding applied joint design 
load. 
For the purposes of this section, two types of joint design guideline comparisons will be made 
against the adhesive limit criterion, as discussed in detail by Hart-Smith [98]. These two comparisons 
consist of either limiting the joint strength until the first 90° ply, or until all 90° plies reach the critical 
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damage value. Note that for cases which include a pre-flaw, the 90° ply stresses are ignored adjacent to 
the disbond, as these plies are not effective in transferring load. By considering the damage initiation state 
of the 90° plies, the designer acknowledges that individual composite layers may limit the joint load. 
Design strength results comparing the ultimate predicted performance from Figure 5-4, versus the 
calculated design limit stress (DLS) values based on the bondline and 90° ply assessment, is presented 
below in Figure 5-32. Note that the adhesive DLS values have been limited by the knee load point 
percentages in Table 5-6, and no factors of safety have been considered in this assessment. 
 
Figure 5-32: Joint design limit results (RT) 
From a damage tolerant design perspective, it can be observed that limiting the joint strength, based 
on damage initiation of the first 90° ply, provides consistent DLS values which do not approach or exceed 
the ultimate predicted joint strength. The same cannot be said if damage tolerant design was based on the 
adhesive performance alone, where several cases observe critical bondline stresses approaching the 
ultimate joint strength. These results are substantial as modern scarf joint design provide little 
consideration from the composite performance, where the results presented within this chapter (see Figure 
5-29) show that the adhesive response is affected by failure of the composite adherend. From the 
presented DLS results it is recommended that a combination of both adhesive and composite based 
damage assessment should be carried out during joint design processes. This new composite analysis 
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guideline could be applied with other classical adhesive based design approaches such that joint design 
considers both bondline and composite critical values. 
5.7 Conclusion 
Research presented in this chapter has delved into the development of a new numerical 
methodology for damage tolerant assessment of bonded composite scarf joints. Validation of the new 
approach has been conducted along with several parametric analyses to signify the requirement of failure 
mechanisms determined from the experimental work within this thesis. Failure mechanisms required for 
accurate predictions of scarf joint performance included inelastic deformation of the bondline, adhesive 
layer failure, composite interfacial debonding, interlaminar delamination and intralaminar composite 
damage. The developed numerical approach successfully highlighted that not only the damage initiation 
for various mechanisms could be captured, but also the progression and interactions up until ultimate 
failure of the joint. The presented results have provided new insight towards key failure mechanisms, and 
for the first time provided an in-depth understanding on what critical features govern joint performance 
from a damage tolerant perspective. 
For the test cases simulated within this chapter, damage would typically initiate in the composite 
adherend, located within the 45° and 90° plies at 25 – 38 % of the failure load, directly adjacent to the 0° 
ply tips. From this internal composite adherend damage, interlaminar delamination would propagate 
along 45° and 90° ply interface. This delamination phenomena would occur anywhere from 31 – 54 % of 
the final failure load. Once delamination was present, the failure path would progress towards the 
bondline, where ultimate joint failure would rapidly occur. Generally adhesive failure would not present 
itself until near ultimate failure (63 – 99% failure load), or due to rapid unstable damage growth after the 
ultimate load is reached. For pristine and CF cases, damage would progress from the scarf tip region, 
while for TF cases, composite debonding (29 – 61% failure load) and intralaminar failure would 
propagate from the pre-flaw crack tip. In an additional note, the only case that observed significant 
adhesive failure was the sandwich supported TF joint, where a combination of bondline and adherend 
failure would propagate from the pre-flaw. 
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From this new understanding on the effect of key failure mechanisms, a supplementary design 
guideline recommendation has also been presented towards damage tolerant assessment of bonded 
composite scarf joints on flight critical structures. Classical bonded joint design approaches typically 
focus on the performance of the adhesive, where minimal consideration is given towards failure of the 
adherends. DLS strength results presented in this chapter showed that a consistent measure used for 
damage tolerant assessment, was assessing the joint performance based on the 90° ply critical stresses, 
and not that of the adhesive layer. Damage tolerant design of scarf joints, based on the adhesive response 
alone, provided a performance limitation that would approach that of the ultimate joint strength for 
several configurations. It is recommended that consideration should be given to critical composite ply 
stresses towards damage tolerant assessment of bonded composite scarf joints. The significance of this 
research has provided a key scientific outcome towards industrial application on flight critical structures, 
where for the first time, an in-depth appreciation of the overall failure response and damage tolerant 
design has been presented for several scarf joint geometries representative of aerospace components.  
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Chapter 6. Hot Wet and Cold Dry Environmental Conditions: 
Numerical Analysis 
6.1 Introduction 
The adverse effects of the environmental conditions on the failure behaviour of bonded composite 
scarf joints have been extensively reported in literature [11, 48, 99, 106, 116-118]. It is generally accepted 
that the hot upper service temperature sets the bonded joint length requirement because the adhesive layer 
is at its weakest, where adhesive strain will limit the overall performance. Sub-zero temperature 
environment establishes limiting joint strength due to being the condition with the least strain energy 
required for failure [98]. Little work has been presented in literature which assesses the damage tolerant 
performance of pristine and pre-flawed bonded composite scarf joints, under aerospace operational 
environments including CD and HW conditions. Because of this lack of damage tolerant assessment, it is 
not well understood how key damage mechanisms in bonded composite scarf joints develop and progress 
to cause ultimate failure, particularly across extreme environments. 
Experimental results from Chapter 3 show that the failure mechanisms in bonded composite joints, 
under CD and HW conditions, extend beyond the bondline into the joint interface and even composite 
adherend. For CD cases, numerous levels of composite failure were observed across various joints 
geometries, while for HW joints, complex interactions between composite and adhesive failure was 
observed. Understanding the initiation and progression of the critical failure mechanisms in pristine and 
pre-flawed bonded composite joints, under adverse environments, paves the path for damage tolerant 
designs approaches. The modelling methodology presented in Chapter 5 has provisions for all damage 
mechanisms highlighted by the experimental work in Chapter 3, and will be used to assess the behaviour 
of composite scarf joints under CD and HW conditions. To the authors knowledge, a single numerical 
design methodology considering the full damage initiation and progression, along with providing accurate 
strength predictions for various geometrical bonded composite scarf joints under different operational 
environments, is not present in open literature. 
Research presented in this chapter will provide a detailed analysis into the initiation and 
development of critical mechanisms in bonded composite scarf joints under various environmental 
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conditions. This work is crucial as aerospace components typically operate under adverse operational 
environments, which is known to have drastic effects on the failure behaviour of polymer composite 
materials. Understanding how these critical mechanisms behave to cause overall joint failure will allow 
for new insight to be provided towards the advancement of design guidelines for damage tolerant joint 
assessment, particularly on flight critical structures. 
6.2 Environmental Design Methodology 
As the focus of this chapter is aimed towards the analysis of bonded composite scarf joints under 
HW and CD conditions, the material properties will need to be revisited. The failure mechanisms which 
have been investigated in Chapter 5 for the RT cases will not be altered. This will serve as two purposes. 
Firstly, by having a single model that can simulate performance across multiple environmental conditions 
shows robustness. The second purpose is leaving the mechanisms unaltered will allow for a direct 
comparison to be made between the three testing conditions.  
6.2.1 Material Properties 
As described in literature (see section 2.3.2 Effects of Environment on Polymer Properties), the 
mechanical properties of polymer matrix composites are effected by severe environmental conditions, 
both HW and CD. For carbon fibre based composites, only the matrix dependent properties are affected 
as carbon fibres are insensitive to typical aerospace environments. Because of these mechanical property 
changes, the input parameters into the numerical models must also be changed to correctly assess the 
different conditions. For IM7/977-3, the assumed mechanical laminae stiffness values are presented in 
Table 6-1.   
Table 6-1: IM7/977-3 HW and CD laminate material properties 
Condition E1 E2, 3 ν12,13 ν23 G12,13 G23 
Cold Dry 164,100 11,001 0.30 0.33 5,983 2,847 
Hot Wet 164,100 8,343 0.38 0.40 3,781 2,388 
HW and CD FM300-2K mechanical properties were determined based from the manufacturers 
technical data sheet and previous literature [60, 100, 141, 142] with values presented in Table 6-2. 
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Table 6-2: FM300-2K elastic-plastic material properties 
 
 
 
 
Fracture properties for polymers are also known to be quite dependent on environmental conditions, 
however these can be difficult to quantify due to non-linear phenomena such as plasticity, as well as 
testing samples within a contained environment. Experimental work in Chapter 3 showed that for HW 
environmentally tested scarf joints, primarily cohesive failure in the adhesive layer was present, 
indicating the need for adhesive failure properties at these environmental conditions. However, in some 
other cases, composite failure was also observed for joints with a TF and soft adherend layups, thus 
requiring the failure properties of adherends under a HW condition. While for CD tested coupons large 
levels of composite failure along the adhesive-adherend interface was present, indicating that primarily 
adherend failure properties are required for the associated condition. Therefore, failure and progression 
properties of both the composite and adhesive under CD and HW conditions are implemented to analyse 
the damage progression of bonded scarf repairs.  
A comprehensive literature review on the effects of temperature and humidity on fracture 
toughness, for both polymer based composites and adhesives, is shown in section 2.3.2 Effects of 
Environment on Polymer Properties. From the literature, HW and CD interlaminar fracture toughness 
Young’s Modulus CD 
[MPa] 
Young's Modulus HW 
[MPa] 
Poisson’s 
Ratio 
3,117 319 0.3 
CD 
Shear 
Stress 
[MPa] 
Equivalent 
Stress 
[MPa] 
Shear 
Total 
Strain [ε] 
Shear 
Plastic 
Strain [εpl] 
Equivalent 
Total Strain 
[ε] 
Equivalent 
Plastic 
Strain [εpl] 
Yield Point 21.3 36.9 0.0205 0 0.0118 0 
Knee Point 51.03 88.4 0.0719 0.0514 0.0415 0.0297 
Ultimate 
Failure 
56.82 98.4 0.1614 0.1409 0.0932 0.0813 
HW 
Shear 
Stress 
[MPa] 
Equivalent 
Stress 
[MPa] 
Shear 
Total 
Strain [ε] 
Shear 
Plastic 
Strain [εpl] 
Equivalent 
Total Strain 
[ε] 
Equivalent 
Plastic 
Strain [εpl] 
Yield Point 2.7 4.6 0.025 0.0 0.0144 0.0 
Knee Point 8.6 14.8 0.105 0.08 0.0606 0.0462 
Ultimate 
Failure 
18.8 32.6 1.36 1.34 0.7852 0.7708 
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properties for IM7/977-3 are not readily available. Fracture toughness values and failure mechanisms for 
carbon fibre reinforced composite laminates between room temperature (20 °C) and cold dry (-55 °C) 
conditions showed a relatively consistent response. Of the reviewed literature, for carbon-epoxy based 
composites, CD toughness values would increase approximately up to 10% for Mode I and for Mode II in 
comparison to RT values. Under HW conditions, failure mechanisms differ largely and result in up to a 
40% increase in Mode I and 40% decrease in Mode II toughness values [70, 153]. It is important to take 
these values with caution as they depend on the material system. For the purpose of this study the HW 
and CD fracture toughness values adopted by changing the corresponding RT values with literature 
observations, as presented in Table 6-3. Mode III fracture property values are assumed to be the same as 
the Mode II values, which is a reasonable assumption since Mode III loading is prevented by the 
modelling method and applied boundary conditions. Interfacial stiffness (Ki) and traction separation 
stresses (σ, τ) was set constant at the room temperature values. Reasons include: 
1. CD IM7/977-3 failure mechanisms were experimentally observed to be similar to that of RT. 
2. DCB, ENF and MMF modelling on conditioned co-cured carbon-epoxy laminates showed that 
interfacial stiffness remains relatively constant, while traction separation stresses increase. 
Using the RT results in conservative design [134]. 
3. Constant interfacial stiffness and traction stress values for dry and we specimens have 
previously used for numerical simulation [154] in OHT carbon-epoxy specimens, with a 
bonded patch, with good predictions. 
Determination of adhesive failure properties under HW conditions has been presented in detail in 
Appendix C. The ultimate plastic strain value for damage initiation was set to 0.1542, with the toughness 
value presented in Table 6-3. 
The assumed strength values for composite plies under both HW and CD conditions in are shown 
Table 6-4. For the Abaqus composite failure model, fibre tension and compression fracture toughness 
properties was set at 100 kJ/mm
2
, while matrix tension and compression fracture values was set to the 
Mode I interlaminar fracture toughness, for the corresponding environmental condition. If resources 
permit, material properties should be experimentally determined for each parameter as this will be more 
representative of the tested material system. 
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Table 6-3: IM7/977-3 HW and CD laminate material properties 
 
1
 Estimated based on % changes in literature and measured room temperature values 
2
 Assumed the same from room temperature testing and calibration [154] 
3
 Estimated from ref [88, 91] 
4 
Estimated from ref [96] 
Table 6-4: IM7/977-3 laminate material failure properties [MPa] 
6.2.2 Analysis Time and Mass Scaling Study 
For models processed using an explicitly based solver, it is required to specify the analysis time 
and mass scaling. Pre-studies were done with these parameters to validate whether the modelling 
methodology used is in fact producing “converged” results for the CD and HW material responses. As 
reported in Appendix A, the analysis time at which convergence for a quasi-static case was achieved from 
0.01 seconds. Mass scaling was also implemented to aid in reducing analysis time. And it was set such 
that the stable time increment would not fall below Δt = 1e-09 s within any element in the model. For 
reference, the stable time increment without any mass scaling is equal to Δt = 2.81e-10 s. See Appendix 
sections 10.3.1 Additional Mechanisms Solution Time Study and 10.3.2 Mass Scaling Study for more 
details. 
Fracture 
Property 
Gi Composite
1
 
(CD) [kJ/mm
2
] 
Gi Composite
1
 
(HW) [kJ/mm
2
] 
Ki
2
 
[N/mm
3
] 
ti
2 
[N/mm
2
] 
Gi Adhesive
3
 
(CD) [kJ/mm
2
] 
Gi Adhesive
4
 
(HW) [kJ/mm
2
] 
Mode I 0.24 0.30 
10
5 
30 (σ) 0.56 0.14 
Mode II 1.02 0.56 
60 (τ) - - 
Mode III 1.02 0.56 
Failure Type Symbol 
Strength CD 
(MPa) 
Strength HW 
(MPa) 
Longitudinal Fibre Tensile Strength Xt 2,612 2,825 
Longitudinal Fibre Compressive Strength Xc 2,184 1,602 
Transverse Tensile Strength Yt 16 54 
Transverse Compression Strength Yc 529 138 
In-Plane Shear Strength S12 114 102 
Out-of-Plane Shear Strength S23 116 89 
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6.3 Strength Prediction Results - CD 
The CD material properties presented in section 6.2.1 were implemented into the numerical model 
described in Chapter 5 to evaluate the strength of scarf joints and have been illustrate along with 
experimental results in Figure 6-1. It can be observed that the new numerical methodology can provide 
accurate strength predictions by simply using material properties for the corresponding environmental 
conditions. 
 
Figure 6-1: Cold dry numerical strength predictions 
Damage initiation and progression to failure for CD cases was similar to that of the RT results 
discussed in Chapter 5. Intralaminar composite damage initially occurs along the scarf region, near for the 
90° ply tips. From these internal damage sites, delamination into adjacent plies eventually follows until 
the failure path extends into the adhesive/adherend interface which leads to overall joint failure. However, 
the details of these mechanisms are not identical in behaviour, and are discussed further in the next 
section. 
6.4 Failure Mechanisms Under CD Conditions 
Table 6-5 describe points in the load cycle (for each given specimen) at which damage initiation 
occurs. It was observed that matrix damage progression in the composite initiates between 7 – 13% of the 
loading process for all cases, which is directly related to the low polymer matrix tensile strength, and to 
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the brittle nature of polymer materials under CD conditions. Debonding and delamination damage tends 
to occur at roughly equivalent percentage loads observed in RT models. Finally, the presence of adhesive 
damage does not present itself until the ultimate joint load is being approached or rapid failure has 
occurred. Considering these CD damage initiation results and comparing to the RT trends in Table 5-5, a 
similar failure process can be observed. That is failure initiates in the composite due to matrix tension 
damage, which leads onto debonding/delamination and eventually some damage of the adhesive. From 
comparison of Table 5-5 and Table 6-5 damage initiation loads, along with comparison of the 
corresponding fracture surfaces presented in Chapter 3, it can be concluded that the failure mechanisms 
are similar between RT and CD specimens. However, there are subtle differences between RT and CD 
cases in terms of damage progression, which eventually affect the ultimate joint strength. These damage 
progression mechanisms are discussed in detail henceforth.  
Table 6-5: Cold dry damage mechanism initiation points in terms of percentage failure load 
 
 
 
 
 
 
1
 Outer 45° ply discounted from analysis 
2 CZM initiates at the adhesive/adherend bi-material interface prior to internal composite 
delamination 
6.4.1 Pristine Unsupported Cases 
Depictions of the active damage mechanisms for pristine unsupported specimens under CD 
conditions can be seen in Figure 6-2. Note that this image has been taken momentarily after rapid joint 
failure has occurred, where a direct comparison can be made to the experimentally observed failure 
response presented in Chapter 3. The main difference between RT and CD pristine joints observed during 
numerical simulations is related to the extent of intralaminar and interlaminar damage. For the CD 
pristine joint it is generally observed that larger levels of intralaminar damage is present due to the low 
Test ID 
Matrix Damage 
Initiation 
Debonding/Delamination 
Initiation
1 
Adhesive Damage 
Initiation 
3° Pristine 9% 56% 92% 
3° 10% TF 10% 35% 100% 
3° 20% TF 7% 33% 100% 
3° 40% TF 7% 33% 100% 
5° Pristine 9% 24% 100% 
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transverse ply strength, whilst there was less interlaminar delamination. Like that of the RT pristine joint 
cases, failure of the bondline was limited to the scarf tip regions, and presented quite localised damage. 
 
Figure 6-2: Damage state for CD 3° pristine unsupported scarf tip region momentarily after peak load 
In terms of progression, damage still initiates in the 90° plies near the adhesive-adherend interface 
due to matrix failure. Unlike the RT pristine cases, which experiences delamination at the 45°/90° ply 
interface due to the matrix damage, the CD pristine joints exhibit debonding initiation at the adhesive-
adherend interface, directly adjacent to the 0° ply tip. The damage progression in the region is quite slow 
followed by delamination of the 45°/90° ply interface. The interlaminar delamination adjacent to the 
failing 90° plies slowly progresses towards the bondline interface, where the damage front becomes 
unstable and the joint fails rapidly. Despite these minor changes in qualitative damage states, in 
comparison to the RT pristine joint case, the results presented in Figure 6-2 show that the final failure 
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path is quite close to what has been numerically observed in Figure 5-15. In addition, the results are also 
in line with what has been experimentally observed in Chapter 3. 
Images have also been presented in Figure 6-3 for the final damage state of a 5° pristine joint. Like 
the 3° pristine CD joint, the final failure path of the 5° pristine RT and CD joints is very similar. The 
progression of damage is also similar to what has been described above for the CD 3° pristine joint. In 
general, there are much greater levels of intralaminar matrix tension damage, noticeably less interlaminar 
delamination during failure, and larger amounts of adhesive damage beyond the ultimate joint strength for 
the CD 5° pristine joint.  
   
Figure 6-3: Damage state for CD 5° pristine unsupported scarf tip region momentarily after peak load 
6.4.2 Flawed Unsupported Cases 
An example of the failure mechanisms for the 3° 20% TF case tested under CD conditions is 
presented in Figure 6-4. The mechanisms which have been observed for the pristine joints are also present 
in TF cases, despite the inclusion of a disbond. These still include higher composite matrix damage, lower 
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interlaminar delamination and greater adhesive damage. Analysis of the pre-flaw opening displacement 
before rapid failure also shows no major differences between RT and CD specimens. 
  
Figure 6-4: Damage state for CD 3° 20 % TF unsupported scarf tip region momentarily after peak load 
The results which have been presented in Figure 6-2 through Figure 6-4 show that although 
changes in the material properties lead to certain changes in micro-mechanisms and the failure 
progression process, however, the final failure path for RT and CD numerical models is very comparable 
and are replicated in experimental results. This statement holds true for various geometric configurations 
such as scarf angle and pre-flaw sizes. 
6.4.1 Bondline Plasticity Analysis (CD) 
A further in depth analysis of the bondline is presented in Table 6-6 which evaluates the percentage 
load when the yield and knee point in the adhesive response occurs at any location along the bondline. 
The results show that the adhesive layer does undergo yielding, however, the extension of inelastic 
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deformation beyond the knee point is limited. The only test case which shows stresses greater than the 
knee point in the bulk adhesive response were transferred through the adhesive layer is the 3° pristine 
unsupported case.  
Table 6-6: Plasticity initiation points in terms of percentage failure load 
Test ID Yield Point Knee Point 
3° Pristine 28% 79% 
3° 10TF 29% 97% 
3° 20TF 28% 92% 
3° 40TF 26% 100% 
5° Pristine 41% 100% 
6.4.2 CD Joint Stress Analysis 
The damage progression for critical composite and adhesive elements in the composite joint 
models are now analysed in detail under the CD condition. The evolution of damage in the critical 90° ply 
element is presented in Figure 6-5, which shows that matrix damage initiates significantly sooner in CD 
specimens in comparison to RT conditions. With CD interlaminar fracture toughness values comparable 
to RT cases, much slower and more stable damage progression is present. The matrix damage in the 90° 
plies continue to slowly progress with increasing load until interlaminar delamination in the 45°/90° ply 
interface initiates. From this interlaminar damage site delamination rapidly accelerates towards the 
bondline interface and causes overall joint failure. This is the critical difference in comparison to RT 
specimens, where the critical 90° plies in RT joints exhibit complete damage before the joint failure and 
more stable progression of interlaminar delamination, as shown in Figure 5-26. The progress of stress 
build up in the critical adhesive layer is also presented below in Figure 6-6. Note that the only cases in 
which shear stress approaches the ultimate shear stress of 56.8 MPa for the adhesive layer are the 3° 
pristine unsupported and 3° 10% TF unsupported models. For all other cases failure progression is 
dominated in the composite adherends before the maximum performance of the adhesive layer is utilised. 
Therefore, the cause of reductions in adhesive layer stresses is simply a byproduct of composite damage. 
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Figure 6-5: Resultant stress in critical 90° ply element vs applied load for various CD example cases 
 
Figure 6-6: Shear stress in critical adhesive element vs applied load for various CD example cases 
The analysis of bondline and composite stresses have been evaluated further in Figure 6-7 along 
the entire length of the joint. As the critical 90° ply region does not fully degrade in stiffness before 
ultimate joint failure, the local stress redistributions are not present in the bondline (adjacent to the 0° ply 
tips), like that of RT joint evaluations, illustrated in Figure 5-29. Several sharp stress peaks exist along the 
length of the bond which can be attributed to the large stiffness mismatch between the 0° fibres and the 
adhesive. For the pristine joint, the stress concentration peaks at the edge of the bondline begin to break 
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down at high loads where the adhesive is reaching critical stress values at the outermost regions of the 
composite adherend, and failure progressively working its way towards the center.  
 
Figure 6-7: Composite and bondline stress comparison for CD 3° unsupported pristine joint 
Like that of the RT cases, additional assessment was done to assess the state of normal stresses in 
the bondline. The ultimate tensile strength of the adhesives was calculated assuming it is equal the 
equivalent yield criterion of 88.4 MPa presented previously in section 6.2.1. Table 5-7 describes the 
maximum percentage of equivalent yield stress reached by the positive normal stresses in the adhesive 
layer, as compressive stresses are assumed to not lead to significant damage. Note that the values 
presented are in the presence of damage also, and taken just prior to ultimate failure. Analysis of these 
positive normal stresses show that for all cases the peak normal stresses along the length of the bondline 
remain relatively low in comparison to other dominating mechanisms in the joint. A graphical 
representation to help emphasise the distribution of normal stresses along the length of the bondline is 
presented in Figure 6-19. The spikes of positive normal stress are caused either from composite damage 
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in the adherend or from the pre-flaw tip location. See Appendix E for the full CD composite and bondline 
stress results. 
Table 6-7: Max positive normal stress in bondline for all cases (CD) 
Test ID % max +'ve' normal stress 
3° Pristine 13% 
3° 10TF 24% 
3° 20TF 17% 
3° 40TF 22% 
5° Pristine 21% 
 
 
Figure 6-8: Example bondline normal stress plots just prior to joint failure (CD) 
6.4.3 Composite Assessment Design Approach (CD) 
With the results presented on CD joint strength and failure mechanisms, DLS assessment can now 
be completed like that of the RT cases. The DLS assessment is based on limiting the allowable applied 
joint stress based on reaching critical stress values in either the composite or adhesive layer. For the 
adhesive layer the limiting stress value is presented as the knee point at 88.4 MPa (see Table 6-2), while 
the composite stress is limited to the ultimate transverse tension strength at 16 MPa (see Table 6-4). 
Assessment of the composite damage has been broken down into two separate categories. The first is 
DLS values are based on the first 90° ply exhibiting damage initiation, while the second is determined 
when damage initiation occurs in all 90° plies. If a 90° ply is aligned adjacent to a disbond the 
corresponding ply result was ignored, as presence of the bondline disbond would cause lower adjacent 
composite stresses. Results comparing the ultimate predicted joint strength for CD cases for various DLS 
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criteria is presented in Figure 6-9. It can be observed that joint design limits using adhesive based criteria 
leads to values which approach/exceed that of critical joint strength, while use of the composite based 
design limits causes extremely conservative load restrictions under the CD condition. 
 
Figure 6-9: Joint design limit results (CD) 
6.5 Strength Prediction Results – HW 
For test cases under a HW conditions, material properties presented in section 6.2.1, were used in 
the numerical model described in Chapter 5, and the strength predictions for different cases have been 
compared to experimental results in Figure 6-10. 
 
Figure 6-10: Calibrated HW strength predictions 
   RMIT University, Australia 
180 
 
As discussed for the CD results, it can be observed that the new numerical methodology provides 
accurate strength predictions by simply changing the material properties for the corresponding 
environmental condition. In terms of damage progression, the mechanisms have been completely altered 
from RT and CD modelling cases. The HW modelling cases do show signs of various composite damage, 
however the joint performance is ultimately controlled by failure of the adhesive layer. The critical 
mechanisms are discussed in detail. 
6.6 HW Joint Mechanism Discussion 
The sequence of damage mechanisms observed at different levels of the applied load is presented 
in Table 6-8 for all HW simulated cases. As a general observation, matrix failure in the composite is still 
the first damage mechanism to activate, similar to that of RT and CD cases, however this occurs at higher 
percentage loads by comparison. It should be noted that although damage initiates in the composite 
matrix, the progression was minimal with further loading of each joint. The key difference for HW cases 
is related to the failure of the adhesive layer that is the second failure mechanism to initiate, rather than 
debonding/delamination. Results presented in Table 6-8 also describe that the primary cause of joint 
failure (adhesive damage), does not occur until relatively late in the loading process, suggesting that the 
progression of damage is rapid and unstable. It was typically observed that debonding at the 
adhesive/adherend interface would follow, after failure of the adhesive layer. However, this mechanism 
was a byproduct due to failure of adjacent adhesive elements. As the elements of the bondline fail at the 
adhesive adherend interface, the stiffness of the cohesive zone interaction would consequently be reduced. 
Focusing on the adhesive layer failure mechanism, the inclusion of a bondline flaw had the propensity to 
cause bondline damage initiating earlier in comparison to pristine joint cases. In addition, comparing 
unsupported and supported TF joints there is no discernable difference between the percentage load at 
which damage of the adhesive layer initiates. Relocating the TF to the CF location prolongs the 
percentage load at which damage initiates at the bondline. Adhesive damage initiation un the 3° Pristine 
Doubler occurs approximately 12% earlier than other pristine cases. This is due to the fact that damage 
initiates along the bondline that joins the doubler laminate to the scarf joint. It is now understood that the 
failure for RT and CD specimens is largely controlled by composite properties that associates damage 
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initiate early in the loading process, while for HW cases the failure is dictated by the adhesive behaviour 
and initiates as the ultimate joint strength is being approached. 
Table 6-8: Hot wet damage mechanism initiation points in terms of percentage failure load 
Test ID 
Matrix Damage 
Initiation
1 
Debonding/Delamination 
Initiation
 
Adhesive Damage 
Initiation 
3° Pristine 58% 97%
3 
90% 
3° 20TF 47% 83%
3 
68% 
3° 40TF 37% 91%
3 
71% 
3° 20CF 56% 99%
3 
82% 
3° Pristine Sandwich 62% 99%
3 
91% 
3° 20TF Sandwich 61% 81%
3 
70% 
3° 40TF Sandwich 71% 82%
3 
73% 
3° Pristine Soft 43% 95%
2 
93% 
5° Pristine 67% 100%
3 
94% 
3° Pristine Doubler 51% 90%
3 
78% 
1
 Outer 45° ply discounted from analysis (excluding 3° Pristine Doubler case) 
2
 CZM initiates at the 45°/90° ply interface 
3
 CZM initiates at the adhesive adherend interface 
6.6.1 Pristine Cases 
Damage contour plots for the 3° pristine joint specimen are presented in Figure 6-11. The severity 
of adhesive based failure significantly increases under HW conditions. The extension of the adhesive 
failure can be observed as the failure path abruptly changes from interface to interface. It can be identified 
that the active failure mechanisms are predominantly a combination of adhesive damage and debonding 
along the adhesive/adherend interface. Matrix tension failure in the 90° ply region is also present, 
however it is limited and remains localised to the 45°/90° ply tip regions. The observed failure 
mechanisms from numerical simulations are in good correlation with what was observed experimentally. 
It can also be noted that there is no interlaminar delamination occurring post failure in the 
delamination/debonding contours. Failure of the adhesive initiates towards the outer most regions of the 
bondline, and progresses towards the joint centerline. Comparing these results to the RT and CD cases, 
the progression of damage under a HW environment is far more localised to the bounds of the bondline. 
The failure process described above is very similar for both the 5° pristine and 3° pristine soft case. The 
exception is that for the soft layup there are signs of greater composite matric failure along the length of 
the bondline, particularly near the scarf tip, due to the greater increase in 90° plies, however, the increase 
in damage is not substantial. 
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Figure 6-11: Example of active damage progression mechanisms for HW 3° pristine repaired model 
Comparing the results of the HW 3° pristine repair unsupported case to the sandwich supported 
joint shows very little change in the overall governing damage mechanism, where the failure response is 
limited to the bondline region. The key difference is the change in failure path throughout the bounds of 
the bondline. A comparison of the final bondline damage state comparing the 3° pristine repair 
unsupported case to the sandwich supported joint is presented in Figure 6-12. For the RT 3° pristine 
doubler case, damage of the bondline initiates at the doubler tip termination and progress its way towards 
the scarf adhesive joint. For the HW case, however, damage initiation in the bondline near the 
unsupported scarf tip is followed by adhesive failure from the doubler termination point. From this, both 
damage fronts will progress its way along the scarf joint to the doubler bondline simultaneously. A 
depiction of the adhesive failure contours for the doubler termination and scarf tip region are presented in 
Figure 6-13. 
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Figure 6-12: Adhesive failure path comparison between the HW 3° pristine unsupported and sandwich supported joints 
   
Figure 6-13: Adhesive damage contours for the HW 3° pristine doubler supported case 
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6.6.1 Flawed Cases 
Damage contours for the 20% TF unsupported joint are presented in Figure 6-14. For this test case, 
slightly more composite damage was observed towards the center 90° plies in comparison to the HW 
pristine cases. Beyond this statement, there is no substantial change in the progression of failure 
compared to the other HW pristine cases. The key difference is related to the bondline damage initiation 
at the flaw tip location that progresses along the length of the bondline interface with increased loading, 
rather than at the scarf tip region.  
     
Figure 6-14: Example of active damage progression mechanisms for HW 3° pristine repaired model 
Damage of the composite for the 20% TF sandwich supported case resembled that more of the 
pristine joints, as opposed to the 20% TF unsupported joint. The 20% CF case on the other hand would 
retain matrix composite damage localised to the flaw tip regions. Despite these subtle changes in 
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composite failure mechanisms, the severity of damage is still minimal in comparison to the dominant 
adhesive based failure path. A direct comparison of the bondline damage progression for all 20% flaw 
cases under HW conditions is presented in Figure 6-15. The failure directions for both the TF cases are 
like that of RT model cases. However, the HW CF case shows a failure path that extends from the central 
flaw tip out to the scarf tip, which is the opposite to what was observed under the RT test condition. The 
failure processes described above is near identical for both the unsupported and sandwich supported 40% 
TF cases respectively. 
   
Figure 6-15: Adhesive failure path comparison between the HW 3° 20% TF, 20% CF and 20% TF sandwich supported 
joint 
6.6.2 Bondline Plasticity Analysis (HW) 
Analysis of the loads at which the adhesive layer begins to yield and show large non-linear 
deformation is presented in Table 6-9. Similar to that of the damage initiation results shown in Table 6-8 
there is little sensitivity to the percentage load at onset to the adhesive yield and knee point, despite 
geometrical and boundary condition changes. Focusing on the yield point results, there is a maximum 8% 
change across all modelling cases, while for the knee point the maximum variation is a 25% change. The 
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presence of a TF also reduces the load at which inelastic deformation occurs, that can be attributed to the 
stress singularity at the flaw tip, while all pristine joint cases tended to show the highest percentage load 
before setting into plasticity, with the exception of the doubler joint. For the doubler support early onset 
yielding is caused by the induced peel stresses at the doubler termination. 
Table 6-9: Plasticity initiation points in terms of percentage failure load 
Test ID Yield Point Knee Point 
3° Pristine 17% 58% 
3° 20TF 11% 47% 
3° 40TF 11% 49% 
3° 20CF 16% 66% 
3° Pristine Sandwich 18% 60% 
3° 20TF Sandwich 12% 50% 
3° 40TF Sandwich 13% 51% 
3° Pristine Soft 16% 67% 
5° Pristine 16% 60% 
3° Pristine Doubler 10% 42% 
 
6.6.3 HW Joint Stress Analysis 
As with the RT and CD cases, the stress along the load line in the critical 90° ply elements are 
assessed with respect to applied load and presented in Figure 6-16. For the RT case (see Figure 5-26), it 
was identified that the critical 90° ply elements undergo full linear softening prior to ultimate joint failure. 
On the other hand, for the CD case (Figure 6-5), the critical 90° ply elements show very slow and stable 
damage progression, where severe acceleration occurs at the ultimate joint load due to rapid interlaminar 
delamination. For the HW cases, the general behaviour shows that the element stresses rapidly soften as 
the ultimate joint load is being approached. For the RT and CD cases, the reduction of stress in the 90° 
ply elements is largely due to matrix damage progression. For the HW case, the stress reduction in 90° 
plies is a result of matrix damage progression as well as load path redistribution because of the bondline 
failure. Therefore, only partial failure of the 90° plies are being experienced where the maximum 
corresponding damage index for different test cases is presented in Table 6-10. Complex interaction 
between composite failure at the interface and adhesive stiffness degradation is apparent for several cases 
where localised changes in the composite stress due to matrix damage alters the development of local 
bondline stresses, as highlighted in Figure 6-17. Examining the results, it can be observed that stiffness 
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degradation of an element in the adhesive layer induces composite damage progression along the 
adhesive adherend interface. With increasing levels of applied load, this complex interaction between 
adhesive and composite failure mechanisms continue to progress along the length of the bondline until 
overall joint failure occurs. 
 
Figure 6-16: Resultant stress in critical 90° ply element vs applied load for various HW example cases 
 
Figure 6-17: Shear stress in critical adhesive element vs applied load for various RT example cases 
The bondline stresses can now be evaluated to further understand the mechanical response of the 
composite and adhesive layer during progressive failure. Figure 6-18 illustrates the relation between 
composite and adhesive stresses for a 3° unsupported pristine.  
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Table 6-10: Maximum level of 90° ply element stiffness degradation, post failure, for all HW cases 
Test ID 
Max 90° Ply Matrix Damage Index 
(0 – 1) 
3° Pristine 0.80 
3° 20TF 0.94 
3° 40TF 0.86 
3° 20CF 0.51 
3° Pristine Sandwich 0.80 
3° 20TF Sandwich 0.74 
3° 40TF Sandwich 0.63 
3° Pristine Soft 1.0 
5° Pristine 0.69 
3° Pristine Doubler 1.0 
 
 
Figure 6-18: Composite and bondline stress comparison for HW 3° unsupported pristine joint 
From the tensile stress profiles, it can be seen that there is negligible difference between the 
stresses transferred through the 45° and 90° plies, and the stresses in the critical 90° ply regions do 
approach the ultimate transverse ply strength. Unlike the RT cases, there is no significant drop off in 
stress as the maximum load is being approached. Examination of the adhesive stresses shows very little 
sensitivity to the ply stiffness changes along the length of the bondline. It can also be observed that the 
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stresses clearly exceed that of the knee point stress value along the bond centerline. Closer inspection of 
the adhesive shear stresses also confirms that with increasing applied joint load, the outer most regions of 
the bondline are being subjected to failure. No discernable response is present in the bondline adjacent to 
the 0° plies, due to the damage in the 90° plies, which is a phenomenon clearly visible in the RT and CD 
cases. For the full results, which describe the relation between composite and adhesive stresses, refer to 
Appendix F. 
Adhesive normal stresses along the length of the bondline are also evaluated for the HW cases in 
Table 6-11. As with RT and CD results the maximum normal stress in the bondline is compared to the 
knee point stress of the bulk adhesive under HW conditions. For reference the FM300-2K HW knee point 
is shown in Table 6-2.  
Table 6-11: Max positive normal stress in bondline for all cases (HW) 
Test ID % max +'ve' normal stress 
3° Pristine 28% 
3° 20TF 72% 
3° 40TF 110% 
3° 20CF 37% 
3° Pristine Sandwich 59% 
3° 20TF Sandwich 28% 
3° 40TF Sandwich 30% 
3° Pristine Soft 80% 
5° Pristine 31% 
3° Pristine Doubler 46% 
For most test cases under a HW condition, the maximum normal stress in the bondline does not 
approach or exceed the bulk adhesive equivalent stress knee point. The test cases which are the exception 
to this statement include all unsupported TF cases and those pristine joints with a soft layup. Only in the 
unsupported 40% TF case the normal stresses, at some point along the bondline, is exceeding that of the 
knee point stress. Despite this observation, the bondline stresses presented in Figure 6-18 show that the 
failure is still largely dominated by shear mechanisms. Examples of the bondline normal stress profiles 
under HW conditions are presented in Figure 6-19. Comparing these normal stress profiles to those of RT 
and CD cases, the same general trends can be identified that shoes compression normal stresses adjacent 
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to the 0° plies with significant peel stresses at damage/pre-flaw locations. The key observation to note is 
that the severity of changes in stress are much subtler compared to RT and CD cases, due to the softer 
adhesive response. 
 
Figure 6-19: Example bondline normal stress plots just prior to joint failure (HW) 
6.6.4 Composite Assessment Design Approach (HW) 
From the associated failure mechanisms, DLS values can be determined for all HW cases. The two 
criteria that were chosen to compare to the ultimate predicted strength values were a DLS based on the 
adhesive yield point, and a DLS based on the onset of damage in the 90° plies. The results have been 
presented in Figure 6-20. Although matrix damage initiates first in the composite at the 45° plies (as 
described in Table 6-8), damage initiation in the 90° plies does not occur until well after damage initiation 
of the adhesive layer. This indicates that the progression of matrix damage in the 45° plies is a gradual 
and stable process. Examining of the DLS results show that designing joints based on damage initiation of 
the 90° plies predominantly leads to design stress values noticeably higher than the adhesive knee point 
DLS. However, further consideration may want to be given to composite damage in HW design when soft 
laminates are present. Focusing on the knee point DLS, it can be observed that no matter the joint 
configuration the design stress criteria is being met at a consistent percentage of each joints maximum 
load. Thus, damage tolerant assessment of bonded composite scarf joints under HW conditions should be 
based on the bondline stress state. As the primary mechanism of failure in the joint under HW conditions 
is due to damage of the adhesive layer, therefore design be largely dictated by the bondline performance 
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for stiff laminates. Further consideration may need to be given to bonded composite joint failure 
properties for laminate layups which are dominated by 90° plies.  
 
Figure 6-20: Joint design limit results (HW) 
6.7 RT, CD and HW Design Assessment 
For design and research purposes, it is essential to compare the DLS design criteria across all three 
environmental conditions. This has been accomplished by extracting the lowest design stress at which 
damage initiation occurs across RT, CD and HW conditions, as presented in Table 6-12. For reference, 
the critical damage initiation mechanisms for the various testing environments are described by transverse 
ply failure for the 90° plies in the RT and CD specimens, and adhesive failure for HW cases. 
For typical aerospace design, bonded joints under HW conditions show the lowest joint 
performance. This point is also in agreement with the findings in this thesis where RT joints exhibit the 
highest performance, followed by CD, and finally HW cases. From the results presented in Table 6-12, it 
can be observed that based on the loads corresponding to critical damage initiation, CD is indeed the most 
severe case from a damage tolerant design perspective. As the progression of damage is initially very 
stable under the CD conditions it is possible to assume that some saturation of damage in the 90° plies 
occurs during the loading process, that is not hindering the ultimate static strength. For example, at the 
50% of the maximum applied load no significant amount of transverse ply damage is presented in the 
joint (see Figure 6-5). More consideration should be given to the design of bonded composite joints under 
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CD conditions, since this is the environmental condition where a large percentage of applied loads are 
experienced. 
Table 6-12: Critical DLS results for RT, CD and HW cases 
 
Design Limit Stress (MPa) 
Model Case RT CD HW 
3°, stiff, NF  184 52 102 
3°, stiff, 10% TF 179 34 -- 
3°, stiff, 20% TF 114 30 59 
3°, stiff, 40% TF 55 11 45 
3°, stiff, 20% CF 114 -- 78 
3°, stiff, NF - S 207 -- 111 
3°, stiff, 20% TF - S 156 -- 68 
3°, stiff, 40% TF - S 105 -- 51 
5°, stiff, NF 120 24 68 
3°, soft, NF 116 -- 96 
3°, stiff, NF - D 168 -- 75 
6.8 Conclusion 
Results highlighted within this chapter have shown significant scientific outcomes in enhancing the 
current understanding of damage tolerant design, towards bonded composite pristine and pre-flawed scarf 
joints, under adverse aerospace environments. To evaluate the joint performance under CD and HW 
conditions, simple material property substitution was applied to the developed methodology presented in 
Chapter 5. Features that were highlighted and directly compared under these environments include the 
combination of inelastic deformation of the bondline, adhesive layer failure, composite interfacial 
debonding, interlaminar delamination and intralaminar composite damage. 
For accurate strength predictions of the CD models, intralaminar and interlaminar composite 
damage was found to be the key driving failure mechanism. In terms of damage progression, the CD test 
cases showed transverse composite damage in the adherend that initiates at very low fraction of maximum 
applied loads (7 – 10%) followed by slow damage progressing. Ultimate failure is described when the 
interlaminar delamination progresses from the transverse composite ply damage into the 45°/90° ply 
interface (at approximately 24 – 56% failure load) which rapidly accelerates towards the bondline. The 
critical transverse composite damage of the 90° elements under RT properties occurs prior to joint failure, 
whilst for CD conditions, a small percentage of matrix damage happens prior to extensive interlaminar 
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delamination. The net resultant of disbonds present in the bondline would simply cause the progression of 
damage to initiate at lower applied loads, where it progresses from the pre-flaw tip region. Numerical 
results also describe that there is minimal adhesive damage under a CD environment. 
For HW conditions, the adhesive material response was identified to largely dictate the ultimate 
joint strength. The damage initiation in the adhesive layer occurs quite late in the loading process (68 – 
94%), where damage quickly progresses to cause ultimate joint failure. The chaotic nature of adhesive 
failure was also captured in the modelling methodology as the failure path along the bondline length 
could freely progress between the composite boundaries. For pristine cases, damage progression would 
occur from the scarf tip region, where for pre-flawed cases this would occur from the disbond tip. 
Analysis of the bondline stress states shows that the experienced stresses are very insensitive to the 
stiffness variations of the various plies, and the geometrical changes due to the presence of a bondline 
flaw. The HW numerical strength response over the various test cases showed the lower sensitivity to 
geometrical changes. Despite the dominance of adhesive failure, composite based damage would still 
present itself, to a smaller degree. 
Joint design assessment was also carried out for each environmental condition, with the most 
critical mechanism setting the limit for each joint. From the presented result in this chapter, if joint design 
was based on first critical damage initiation the CD environment would provide the lowest DLS. The 
results presented show that more consideration should be given to CD loading conditions, particularly as 
large loads are typically seen in practice for primary aerospace structures. It was also verified that for 
damage tolerant assessment of bonded composite joints, modelled under HW conditions, limiting the joint 
load based on adhesive performance, provides the most conservative results. 
For the first time a single numerical methodology has been presented which provides a new 
capability to assess the progressive damage of bonded composite scarf joints, under multiple adverse 
environments. This new tool has provided a significant enhancement to the “current state of the art” 
progressive failure modelling, such that informative damage tolerant designs can be applied to flight 
critical structures. By having such a powerful tool, which can predict the damage progression, no matter 
the environmental condition, greater confidence can be applied to the difficult task of airworthiness 
certification, of bonded composite joints, towards primary aerospace structures.  
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Chapter 7. Conclusion 
7.1 Summary of Findings 
The overall goal of this thesis was to significantly enhance the understanding and develop new 
insight into damage tolerant design of bonded composite scarf joints, towards their application on primary 
aerospace structures. A comprehensive literature review on “classical” and “current-state-of-the-art” joint 
assessment approaches was conducted, where a significant research gap was highlighted. Critical failure 
mechanisms of bonded composite scarf joints, across the multitude of environmental and geometrical 
conditions, which are representative of aerospace structures, are not fully understood. To answer this 
research gap, assessment of pristine and pre-flawed bonded composite scarf joints, across various 
geometrical and environmental conditions, has been conducted, where pre-flaws in the bondline are 
considered as a simple, controllable and representative form of impact damage or manufacturing defect. 
The purpose of assessing pre-flawed bondlines is to have an improved understanding of damage tolerant 
design. Types of geometry changes which have been investigated include effects of pre-flaw size/location, 
scarf angle, material layup and boundary conditions, while assessment of the environment is focused on 
RT, CD and HW conditions. Throughout the chapters, several key scientific outcomes have been 
highlighted which help to achieve the overall goal, and are described henceforth. 
New insight has been presented into the structural performance of pristine and pre-flawed 
composite scarf joints, where experimental observations confirm that the behaviour, under various 
environments, is governed by the type and severity of damage. Four key failure mechanisms were 
highlighted which include interlaminar delamination, intralaminar failure, composite debonding at the 
bondline interface, and bulk failure of the adhesive layer. While large levels of composite or adhesive 
only failure is present in low-performance joints, a combination of these failure mechanisms was 
observed to increase performance. In terms of damage tolerant joint assessment, as a scarf tip flaw size 
increases for unsupported joints, so does the level of composite failure. As a result, under RT and CD 
environmental conditions, the reduction in effective bondline results in a significant loss in joint strength. 
For HW conditions, scarf joints are relatively insensitive to the presence of a scarf tip flaw due to the 
combination of composite and adhesive failure. The addition of a sandwich support to a tip flawed joint, 
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or flaws being relocated at the center of the joint bondline for an unsupported case, improvements in the 
load-carrying capability was observed for RT case, whilst adverse effects are present under HW 
conditions. For these HW cases, observations show that larger levels of adhesive failure are present, 
describing the loss in joint strength. Reductions in scarf angle, using a softer adherend layup, and 
application of a doubler support would all see reductions in joint strength for RT cases due to increased 
composite damage, while under HW conditions there was no significant loss on performance due to the 
mixture of adhesive and composite failure mechanisms. What these results describe is that not only the 
type of failure, but also the magnitude of each failure type will influence the structural performance of 
bonded composite scarf joints. 
From experimental findings, it is important to understand what key factors affect the predictive 
capability of state-of-the-art numerical assessment methods. These models apply a composite based 
failure criteria to the adhesive adherend interface only, where linear elastic deformation of material 
properties is applied. From initial FE results presented within this thesis, several factors can be observed 
to have a significant influence on determining joint strength. In general, these include the reduction in 
effective bond area across flawed and non-flawed cases, the stress concentration due to the presence of a 
crack tip from pre-flaws, and the level of out of plane deformation due to an eccentric load path from 
geometrical asymmetry. This out of plane deformation would typically lead to an increase in Mode I 
stresses occurring along the bondline crack tip, leading to significant reductions in overall joint strength. 
By supporting the TF, or relocating to the center bondline region, it was observed that a significant 
reduction in the Mode I stress at the crack tips are present, leading to an increase in performance. The 
location of the pre-flaw, on either the upper or lower bondline interface, had a relatively small effect on 
the ultimate strength prediction, with the exclusion of small unsupported scarf tip flaws. It was also found 
that the presence of a pre-flaw would cause much larger stable damage progression, before ultimate joint 
failure, in comparison to pristine scarf joints. Limitations in the modelling approach have been identified 
which describe the need to incorporate additional failure mechanism, including intralaminar failure, 
interlaminar delamination, inelastic deformation and failure of the adhesive layer.  
A novel numerical methodology based on experimental observations was developed to give greater 
insight into the progression of critical damage mechanisms which cause failure in bonded composite scarf 
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joints. The damage mechanisms included for accurate numerical predictions of pristine and pre-flawed 
bonded composite scarf joints, under RT, CD and HW conditions, include the combination of 
interlaminar delamination, intralaminar ply failure, composite failure along the adhesive-adherend 
interface, elastic-plastic deformation of the bondline and bulk progressive failure of the adhesive layer. 
Note that it is important to apply the corresponding stiffness and failure properties for each governing 
environment, as these values control the behaviour of the failure process. In the development phase of this 
new numerical modelling approach, it was highlighted that the combination of all aforementioned failure 
mechanisms is required for high fidelity numerical predictions. These results describe that no one form of 
damage response dictates the overall loss in load-carrying in bonded composite scarf joints. It is the 
interactions of these failure mechanisms which govern the joint performance, and can change drastically 
depending on the geometrical and environmental conditions.  
From the numerical methodology developed in this thesis, valuable insight in understanding the 
sequence of failure processes is presented towards the damage tolerant assessment of bonded composite 
scarf joints. Two general variations in the progression of damage have been identified between RT/CD 
and HW conditions. The first case describes intralaminar damage progression by failure initiating in the 
45°/90° ply region, adjacent to the 0° plies, relatively early in the loading process which induces an 
interlaminar delamination that progresses towards the bondline. For pristine joints, several instances of 
this failure phenomena occur along the length of the joining interface, whilst for pre-flawed cases the 
damage is typically localised near the crack tip. Once a critical damage region threshold is met, the 
progression becomes unstable which causes overall failure of the joint. This behaviour is dominantly 
observed by cases modeled under RT and CD environments. A key difference between these two 
environmental situations is that under a CD condition the joint exhibits a rapid progression of failure at a 
significantly earlier damage state, in comparison to simulations conducted at RT. The second damage 
progression case includes a low magnitude of composite adherend damage, typically midway through the 
loading process, where the overall failure response is governed by failure of the adhesive layer 
approaching the ultimate load. Whilst adhesive/cohesive failure was occurring along the bondline, there 
would be induced composite based failure at the adhesive-adherend interface. This type of behaviour is 
dominantly observed by cases modeled under a HW environment.  
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From this comprehensive understanding on the initiation and progression of critical failure 
mechanisms in bonded composite scarf joints, the development of simple design guidelines is also 
presented for assessment of pristine and pre-flawed scarf joints. These guidelines are aimed towards the 
damage tolerant assessment of composite bonded components in flight critical aerospace structures. The 
process simply assesses the composite and adhesive stress state in critical regions of the joint (determined 
from experimental and numerical findings), for each environmental and geometrical case, and limits the 
applied load such that the progression of damage does not occur. For RT and CD cases, limiting the 
applied load was based on the critical stress value being reached in the 90° ply tip region, whilst for the 
HW cases, this was accomplished by preventing the adhesive layer exceeding the manufacturers data 
yield point. It was interesting to note, that if this design process was undertaken, CD scarf joints were the 
most critical case, despite HW joints showing the lowest ultimate joint strength. Although the initiation of 
damage occurs in joints tested under CD environments at quite low loads, in comparison to HW 
conditions, the progression of damage is significantly more stable until a critical threshold is exceeded. 
For HW cases, critical damage in the bondline does not occur until quite late in the loading process, 
which described the development of damage to be rapid and unstable. These results suggest that if bonded 
composite joints are to be applied to flight critical structures, significant consideration should be given to 
the damage progression under both CD and HW environments. 
7.2 Future Work Recommendations 
Several recommendations are presented from this research towards the future advancement of 
assessing failure mechanisms and damage tolerant design of bonded composite scarf joints. These are 
discussed in the following sections.  
7.2.1 Material Failure Mechanism Validation 
Plasticity and damage progression of the adhesive layer has been defined as a critical failure 
mechanism in the presented numerical methodology, particularly under HW conditions. There is a need to 
experimentally validate the magnitude of plasticity for a given condition, and the associated damage 
mechanisms for further modelling validation. Developing an assessment technique that can 
micrographically assess the inelastic deformation of a bondline could significantly enhance the 
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understanding of adhesive layer deformation, allowing for further numerical validation or enhanced 
representation of bondline failure. In addition, it has been proven for several environments and 
geometries that failure of composite scarf joints initiates within the adherend. Micrographic experimental 
validation of both interlaminar and intralaminar failure, under RT, CD and HW environments, will further 
aid in supporting the current numerical assessment methodology. 
7.2.2 Numerical Bondline Failure Criteria 
From literature, it has been described that the failure progression of adhesives is quite complicated, 
particularly as the strain to failure becomes significantly large. Failure of a ductile bondline is not 
plasticity in the classical sense, but a series of hackle formations. These hackles are closely spaced, 45° 
inclined fractures which are governed by the maximum and minimum principal stress orientations. Once 
the presence of hackles has initiated, the adhesive layer is no longer considered a continuum block of 
material. As the adhesive strain increases the greater the hackle density becomes until the hackles 
eventually link and cause unstable damage growth. The current modelling methodology does not account 
for this discontinuous blocking of material due to the presence of hackles. It is recommended that 
research into the development of a new numerical failure criteria be conducted, such that the full 
progressive nature of highly ductile bondlines are accurately captured. 
7.2.3 Full Patch Repair Design 
The current design methodology has been applied to 2D representative coupons only, which in turn 
neglects out-of-plane effects. It is necessary to have a thorough understanding of how critical failure 
mechanism initiate, interact and progress to failure in a three-dimensional space, particularly if the joint 
geometry cannot be simply represented in a plane stress or strain state. Using the numerical methods 
presented within this thesis, and simply upsizing to form a 3D joint is not feasible due to current 
computational power limitations. If the adhesive and composite failure mechanisms in bonded composite 
scarf joints are to be simulated in the detail presented within this thesis, a new numerical assessment 
approach will need to be developed, which is computationally viable in terms of processing time. 
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7.2.4 Fatigue Assessment 
A significant requirement for the certification of bonded composite scarf joints is the ability to 
withstand fatigue loading for significant durations under adverse aerospace environments. The results 
presented within this thesis have focused on the damage tolerant assessment of bonded composite scarf 
joints, under quasi-static loading conditions only. From the understanding of critical failure mechanisms, 
a new numerical fatigue methodology should be developed where critical failure mechanisms would be a 
function of stress amplitude, minimum and maximum stress ratio, applied frequency and number of 
cycles, in addition to the criteria presented throughout this thesis. By having a numerical methodology 
that can show the failure initiation and progression to ultimate joint failure, under a fatigue load spectra, 
would provide a significant enhancement to the current state of damage tolerant assessment of bonded 
composite scarf joints on flight critical structures. 
7.3 Final Remarks 
Although the development of bonded composite scarf joints has been in practice for several 
decades now, state of the art research continues to highlight significant features in terms of critical 
mechanisms and design considerations. Despite research pushing the boundaries of bonded composite 
joint analysis methodologies, the application is a slow and arduous process due to the aerospace industry 
being so highly conservative in both safety and structural design complexity. This thesis hopes to bridge 
the gap between research and industry by providing in-depth knowledge and new outcomes into the 
complicated failure phenomena associated with bonded composite joints. By providing these significant 
scientific contributions on the damage tolerant behaviour, simple robust design guidelines for practical 
usage can be established, with confidence in application. It is hoped that the knowledge presented within 
this thesis will provide design engineers with greater insight, and inspire future analysis methods of 
bonded composite joints towards flight critical components.  
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Chapter 9. Appendix A - Progressive Damage Modelling Techniques 
In literature, progressive damage modelling is being employed to overcome previous analytical 
strength prediction limitations in bonded composite joints. Some techniques currently available in 
commercial codes for modelling both initiation and progression of failure in composite joints include 
Cohesive Zone Modelling (CZM) and Continuum Damage Mechanics (CDM). The second technique can 
be broken down further into damage of ductile materials, and brittle failure of orthotropic materials. To 
understand these techniques further, fundamentals of fracture mechanics must be identified. 
9.1.1 Fracture Mechanics 
Regions within a loaded structure can form macro level voids due to large stress concentrations or 
even manufacturing defects. Linking of these voids can eventually occur which propagates the damage 
forward, thus allowing flaws to spread through the bulk of a material [155]. Notches and holes are another 
feature that can promote stress concentrations, and are known as a damage hot spot. Brittle materials tend 
to have a high probability of fracture propagation in the presence of a localised flaw under load where 
ductile materials will dominantly yield and undergo plastic deformation before damage propagation and 
ultimate failure. A good comparison of ductile and brittle fracture is described by the response adhesives 
and composite adherends respectively, where a typical stress strain curves are shown in Figure 9-1: 
 
Figure 9-1: Material fracture behaviour; a) ductile, b) brittle [156] 
Fracture mechanics is a classical approach used to capture damage propagation, and has superseded 
traditional stress/strain failure criteria for strength predictions of bonded aircraft structures. Within 
fracture mechanics there are three fundamental failure modes typically used for analysis. These are 
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illustrated as follows in Figure 9-2. Mode I failure is represented by crack opening or peeling phenomena, 
Mode II failure is described by a sliding shear action and Mode III by a twisting shear. In a typical crack 
propagation analysis either one or a combination of these failure modes are presented. Failure by Mode 
III is typically an uncommon load case in aircraft structures and generally not considered in aerospace 
practice [36]. Typically fracture mechanics is a procedure for analysing brittle isotropic materials has 
been well established towards brittle (linear-elastic) material type failure, hence LEFM [157]. When the 
strain energies reach a critical fracture toughness values (GC) at the crack tip, the void will propagate 
forward until the energy falls below the critical value [158].  
 
Figure 9-2: Fundamental modal failures used in damage progression modelling [36] 
In the past, the Virtual Crack Closure Technique (VCCT) has been used to investigate the damage 
progression of pre-flawed bonded composite joints by assessing strain energy at the crack tip and 
comparing to a critical propagation value. It is important to note that VCCT requires the use of linear 
elastic materials. An extensive review of the topic can be found in literature [159]. For VCCT the SERR 
is evaluated at the crack tip in equation 9-1. 
   
  
  
 (9-1) 
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Where F is the nodal forces, u is the crack displacement and a is the crack area. A visualisation of 
this mathematical description has been presented below in Figure 9-3 for a mode I loading condition, 
where similar approaches can be used for strain energy calculations for mode II and III deformation. 
 
Figure 9-3: Mode I example of SERR evaluations using VCCT 
Research by Goh et al. [15] has used VCCT predict ultimate strength and to simulate crack 
propagation along the adhesive-adherend interface of pre-flawed bonded composite scarf joints. Fracture 
properties of the adhesive and composite were used in the damage propagation region where results were 
compared to experimental data. For flaw sizes above 3mm, using VCCT with composite fracture 
properties along the adherend adhesive interface was found to have very close agreement with 
experimental results, as presented below in Figure 9-4.  
 
Figure 9-4: Comparison between VCCT model predictions and experimental results [15] 
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Use of composite fracture properties also matches well with micrographic analysis of failed 
specimens, where composite failure was dominant along the adhesive-adherend interface. For strength 
predictions with flaw sizes below 3mm, results begin to quickly diverge as the SERR cannot be 
accurately determined. Although VCCT shows excellent agreement in cases with a sufficient flaw size, it 
is predicted that in the presence of material non-linearity these inaccurate strength predictions will occur 
as VCCT is designed for linear-elastic material analysis. A fundamental assumption of VCCT is that the 
energy required to propagate a crack forward is the same amount of energy required to rejoin the crack 
back together. When plasticity becomes a present mechanism, the amount of SERR required for crack 
propagation is now the combination of the elastic energy dissipated from fracture propagation, and energy 
required to plastically deform the material beyond the crack tip [160]. Such an instance of this could be an 
extremely ductile adhesive or modelling under hot-wet conditions, where modelling of this nature is 
known as Elastic-Plastic Fracture Mechanics (EPFM) [161]. Another inherent limitation with using 
fracture mechanics techniques, such as VCCT, is that a pre-flaw must exist, which requires experience in 
understanding where damage may not only initiate from, but also propagate. For composites, 
understanding and defining how to characterise failure is in bonded composite scarf joints poses quite a 
complex topic and still not fully understood due to the vast array of possible failure paths. This is crucial 
as damage initiation sites may not be readily known and thus numerical techniques that can predict 
damage initiation and propagation, along with material non-linearity such as plasticity, are now required. 
Several numeircal techniques are now considered which are able to capture the major failure responses 
typically observed in bonded composite joints. 
9.1.2 Cohesive Zone Modelling 
The CZM approach uses damage mechanics to model debonding of materials and is gaining 
mainstream popularity towards analysis of composite scarf joints. Unlike LEFM, using interface elements 
for modeling of composite delamination offers the advantage of encompassing both crack initiation and 
crack propagation. CZM uses strength based criteria in determining onset to damage with energy based 
techniques to describe the crack propagation. Thus, the need to know initial disbonds and/or delamination 
locations is eliminated. The area forward of a numerical damage front is defined as the cohesive zone, 
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where the behaviour is governed by a traction separation model which relates the element traction stress 
to mode I and II nodal displacements. In FEM, cohesive zone elements are typically placed between 
continuum or shell elements which transmit structural loads into the interface. An example of a typical 
traction separation response is shown below in Figure 9-5, with a detailed discussion henceforth of how 
the response is calculated [162-164]. 
 
Figure 9-5: Cohesive zone traction separation response example [165] 
Within Abaqus, two type of CZM behaviour can be defined, namely cohesive elements and 
cohesive surface interactions. The formulation that governs the cohesive surface behaviour is quite 
similar to the ones used for cohesive elements. The similarities extend to the linear elastic traction-
separation model, damage initiation criteria, and damage evolution laws. It is important to recognize that 
damage in surface-based cohesive behaviour is an interaction property, not a material property, and hence 
have their own useful applications. Note that cohesive surfaces do not undergo damage under pure 
compression. [165]. The traction-separation model assumes an initial linear elastic response, where the 
elastic behaviour is written in terms of a matrix that relates the normal and shear stresses at the interface 
to the normal and shear separations across. The nominal traction stress vector (t) consists of three 
components, tn, ts, and tt. which represent the normal and the two shear traction stresses respectively. 
These traction stresses are equivalent to the three fracture toughness modes presented in Figure 9-2. The 
corresponding traction separations are denoted by δn, δs, and δt. The elastic behaviour can then be written 
in matrix form in equation 9-2 [165]. 
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    {
  
  
  
}  [
         
         
         
] {
  
  
  
}        (9-2) 
Where K describe the interfacial stiffness and the subscripts n, s and t describe the corresponding 
modes. Note that for interfaces which have no coupling between the three modes, all diagonal terms in the 
stiffness matrix equate to zero. The damage modeling portion allows the degradation and eventual failure 
of the bond between two cohesive surfaces to be simulated, in which the failure mechanism consists of 
two components. Firstly, a damage initiation criterion, which denotes a maximum stress (ie, damage 
initiation) being reached, and determines the ultimate interfacial strength. Secondly, a damage evolution 
law, which is known as the softening region, describes the relation between the decaying traction stresses 
and increasing traction displacements. There are several initiation responses which can be used to 
describe onset to damage in the traction separation model and are described by four equations. Note that 
the symbol 〈 〉 used in the discussion below represents the Macaulay bracket which are used to signify 
that a purely compressive displacement or a purely compressive stress state does not initiate damage. The 
superscript ‘o’ refers to the corresponding critical value of traction stress or separation. 
 Maximum stress criterion; Damage is assumed to initiate when the maximum contact stress 
ratio reaches a value of one 
    {
〈  〉
  
  
  
  
  
  
  
 }    (9-3) 
 
 Maximum separation criterion; Damage is assumed to initiate when the maximum 
separation ratio reaches a value of one 
    {
〈  〉
  
  
  
  
  
  
  
 }    (9-4) 
 
 Quadratic stress criterion; Damage is assumed to initiate when a quadratic interaction 
function involving the contact stress ratios reaches a value of one 
 {
〈  〉
  
 }
 
 {
  
  
 }
 
 {
  
  
 }
 
   (9-5) 
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 Quadratic separation criterion; Damage is assumed to initiate when a quadratic interaction 
function involving the separation ratios reaches a value of one. 
 {
〈  〉
  
 }
 
 {
  
  
 }
 
 {
  
  
 }
 
   (9-6) 
The damage evolution law describes the rate at which the cohesive stiffness is degraded once the 
corresponding initiation criterion is reached. The softening in this region of the traction separation 
response continues until zero stresses at the corresponding elements occurs. A scalar damage variable, D, 
represents the overall damage at the contact point. It initially has a value of 0. If damage evolution is 
modeled, D evolves from 0 to 1 upon further loading after the initiation of damage. The contact stress 
components are affected by the damage are described by equations 9-7, 9-8 and 9-9. 
           ̅               ̅    (9-7) 
           ̅ (9-8) 
           ̅ (9-9) 
Where   ̅,   ̅ and   ̅ are the stress components predicted by the elastic traction-separation behaviour 
without any damage. To describe the evolution of damage under a combination of separations modes 
across the interface, it is useful describe an effective separation, as presented in 9-10. 
    √〈  〉    
    
 
 (9-10) 
The term    can be broken up further into the effective separation at the initiation of damage   
 , 
and the effective separation at complete failure   
 
. These terms are used to describe the state of damage 
at the cohesive interface by damage variable D. A bi-linear traction separation curve is generally the most 
common form used to describe a materials behaviour, in which the damage propagation response is also 
linear. Exponential and trapezoidal rules also exist which alter the shape of the damage propagation 
portion of the traction separation response, however are typically more computationally expensive. The 
mathematical response which governs the linear softening law is stated in equation 9-11. 
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   (  
    
 )
 (9-11) 
Where   
    refers to the maximum value of the effective separation attained during the loading 
history. The final criteria required to determine the failure response of the traction separation curve is the 
fracture energy. The area situated within this curve is equal to the fracture toughness of the given material. 
As there are a combination of traction stresses and separations occurring at the crack tip, so there will be a 
contribution of the three fracture energy modes. The dependence of the fracture energy on the mode mix 
can be specified by using analytical forms. Two typical forms which describe this is in the Power Law 
and Benzeggagh-Kenane (BK) law. Both mathematical responses equate the contributions of the 
individual fracture energy components at the crack tip, and combine them into an equivalent fracture 
energy. The power law criterion states that failure under mixed-mode conditions is governed by a power 
law interaction of the energies required to cause failure in the individual modes, as shown by equation 
9-12. 
 {
  
  
 }
 
 {
  
  
 }
 
 {
  
  
 }
 
   (9-12) 
The quantities of   
 ,   
  and   
  are specified and are the critical fracture energies corresponding 
to each of the three failure modes. The non-critical terms   ,    and    are the evaluated energies which 
exist at the crack tip. The power law term α is a calibration value and is usually determined through 
mixed mode testing. The BK fracture criterion is particularly useful when the critical fracture energies 
during separation purely along the first and the second shear directions are the same. The response can be 
described by equation 9-13. 
   
     
    
  {
  
  
}
 
    (9-13) 
Where         ,           and   is a cohesive parameter determined through mixed 
mode experimentation like that op the power law. An example of how all the responses behave together is 
provided below in Figure 9-6. See Abaqus Analysis Users Guide, Chapter 5, for full details [165]. 
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Figure 9-6: Mixed mode fracture behaviour example [165] 
It is important to understand that the actual physical cohesive zone length is not equal to the 
numerical cohesive zone length. The physical cohesive zone is defined as the region at which irreversible 
damage process occurs ahead of the crack tip, where the numerical cohesive zone describes the interface 
elements which lie in the softening portion of the traction displacement curve [12]. To achieve an 
accurate numerical representation of the physical cohesive zone, the shape of the traction displacement 
curve needs to be representative of the stress distribution relationship and damage mechanisms occurring 
ahead of the physical crack tip. Unfortunately, this stress distribution is experimentally difficult to obtain. 
However, results can be relatively insensitive to the exact shape of the traction displacement curve if only 
a global analysis of the structures load-displacement response is required. This is if the correct interfacial 
fracture toughness and strength is associated. To provide enough detail, the cohesive zone should be 
captured with a minimum two to three elements. Once a crack initiates and thus a cohesive zone is present, 
the results are relatively insensitive to exact interfacial strength values where the fracture toughness plays 
a critical role [166]. In CZM, crack growth occurs only within the cohesive region, thus flaws can only 
propagate along a pre‑ defined growth path set by the user. Therefore, CZM requires the analyst to have a 
good knowledge of the crack path prior to analysis.  
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9.1.3 Continuum Damage Mechanics – Ductile Materials 
Abaqus offers a general capability for modeling progressive damage and failure in ductile materials, 
based on a continuum response. The model allows the inclusion of both elastic and plastic deformation 
before damage onset at the point of D = 0. The ability to model progressive damage is used in conjunction 
with the Mises plasticity, Johnson-Cook, Hill, and Drucker-Prager plasticity models where the 
constitutive response of a single element using the CDM approach is described in Figure 9-7. Up to the 
point of   , no permanent deformation within the element is accumulated and is within the elastic region. 
Once the elastic region is exceeded then inelastic deformation begins to occur as per standard plasticity 
response. Once some critical amount of equivalent plastic strain at damage onset (  ̅
  
) is reached, 
softening of the element will initiate and progress until the equivalent plastic strain at failure, (  ̅
  
), is 
reached. The region of D0 ≤ D ≤ D1 describes how the damage evolves from the initiation until total 
failure, which is governed by an evolution law. In the most general case, to obtain the full elastoplastic 
response including failure, the specification of the following parameters is required [154, 167].  
1. elastic-plastic response of the material 
2. damage initiation criterion 
3. damage evolution response 
 
Figure 9-7: Ductile material response for a CDM element [154] 
Two main mechanisms can cause the fracture of a ductile metal: ductile fracture due to the 
nucleation, growth, and coalescence of voids; and shear fracture due to shear band localization. These two 
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mechanisms call for different forms of the criteria for the onset of damage [168]. Abaqus offers two 
different options to formulate these mechanisms, in the form of a ductile criterion and a shear criterion. 
The ductile criterion is used for predicting the onset of damage due to nucleation, growth, and 
coalescence of voids. This model assumes that the equivalent plastic strain at the onset of damage,   ̅
  
, is 
a function of stress triaxiality and strain rate. On the other hand, the shear criterion is used for predicting 
the onset of damage due to shear band localization. This model assumes that the equivalent plastic strain 
at the onset of damage,   ̅
  
, is a function of the shear stress ratio and strain rate. It is possible to set these 
dependencies to zero such that the equivalent plastic strain at onset to damage is independent to the 
aforementioned variables. In either case the damage initiation criteria, ω, can generally be met when the 
following condition is satisfied in equation 9-14. 
   ∫
  ̅  
  ̅
     (9-14) 
ω is a state variable that increases monotonically with plastic deformation. At each increment 
during the analysis the incremental increase in ω is computed from equation 9-15. 
    
  ̅  
  ̅
     (9-15) 
Damage evolution is described by the rate of degradation in the material stiffness once the defined 
initiation criteria are met, in this case failure strain. When material damage occurs, the stress-strain 
relation can no longer accurately represent the material’s behaviour as this is highly mesh dependent. 
Hillerborg’s (1976) fracture energy proposal is used to reduce mesh dependency by creating a stress-
displacement response after damage is initiated [169]. With this approach, the softening response after 
damage initiation is defined by a stress-displacement response rather than a stress-strain response. The 
implementation of this stress-displacement concept in a finite element model requires the definition of a 
characteristic length, L, associated with an integration point, which is given by equation 9-16. 
   ∫      ̅
  
 ̅ 
  
 ̅ 
  
 ∫     ̅
  
 ̅ 
  
 
 (9-16) 
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The above expression introduces the term equivalent plastic displacement,  ̅  , as the fracture work 
conjugate of the yield stress after the onset of damage, that is the work per crack unit area. Before damage 
initiation  ̅  ̇   , and after damage initiation  ̅  ̇    ̅  ̇ . The symbol  ̇ denotes the current experienced 
point between damage initiation and complete failure. The definition of the characteristic length depends 
on the element geometry and formulation, for example it is a typical length of a line across an element for 
a first-order element. The evolution of the damage variable, with the relative plastic displacement, can be 
specified in linear, exponential or tabula form. Assuming a linear evolution of the damage variable, the 
effective plastic displacement,  ̅  , at the point of failure can be used to assess the damage variable 
increases according to the following response, where  ̅   can be explicitly stated, or can be calculated 
from the value of G. This relation is presented in equation 9-17. 
  ̇  
  ̅  ̇
 ̅ 
   
   ̇
 ̅ 
   (9-17) 
Note that the linear damage evolution law defines a truly linear stress-strain softening response 
only if the effective response of the material is perfectly plastic after damage initiation. If a fracture 
toughness value is used to govern the failure response, the effective plastic displacement at failure,  ̅ 
  
, is 
defined by equation 9-18. 
  ̅ 
   
  
   
 (9-18) 
Where     is the value of the yield stress at the time when the failure criterion is reached. The 
stress tensor during any time in the analysis for these selected elements is given by the equation 9-19. 
         ̅ (9-19) 
D is the overall damage variable,   is the experienced stress in each element, and  ̅ is the overall 
undamaged stress tensor (ie stresses that would exist in the presence of no damage). An element is 
removed from the mesh if D reaches Dmax at all of the section points in any one integration point location. 
For example, removal of a solid element takes place, by default, when maximum degradation is reached 
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at any one integration point. However, in a shell element all through-the-thickness section points at any 
one integration location of an element must fail before the element is removed from the mesh. 
The overall damage variable, D, captures the effect of all active damage mechanisms and is 
computed in terms of the combined individual damage variables,   . If only one damage variable is stated, 
then that damage value becomes the overall damage variable. Full details of the ductile damage for metals 
can be located in Section 24.2 of the Abaqus Analysis User’s Manual. 
9.1.4 Composite Failure Theories 
Classical composite failure criteria towards bonded repairs have also been attempted for the 
successful prediction of pristine joint performance in the past. A main feature of these laminate strength 
theories is that they assess damage in the composite at a macroscopic level, while assuming a 
homogenous linear elastic material up to a point of brittle failure [121]. Two of the simple approaches 
include Maximum stress theory and Maximum strain theory. Failure is deemed to occur when the critical 
stress/strain value meets or exceeds a critical value. There is no interaction between stress components 
with this approach, and as such tends to predict poorly for fibre angles close to 0° and 90° where stress 
interactions occur between various components [170]. Deviatoric strain energy theory (Tsai–Hill failure 
criterion) evolves from previous methods and provides a critical failure calculation which interacts 
longitudinal, transverse and in-plane stresses. However, this approach lacks distinction between tensile 
and compressive stresses. As such, the Interactive Tensor Polynomial theory (Tsai-Wu failure criteria) 
was developed to account for this distinction [121]. These aforementioned composite failure theories do 
not account for damage progression and are more an indicator of damage onset. If failure is not 
catastrophic when these critical stress/strain values are reached, then largely conservative predictions of 
the structures strength may result. To provide accurate strength predictions and failure progression of 
individual composite plies in bonded scarf joints, further consideration is necessary. 
9.1.5 Continuum Damage Mechanics - Composites 
Damage and failure for fibre-reinforced composites can be implemented through Abaqus via the 
Hashin damage initiation function [128, 154, 171, 172]. The fibre reinforced failure model is a continuum 
damage mechanics technique and is adopted to predict the damage initiation and progression of discrete 
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orthotropic layers in composite laminates. Damage is characterised by the degradation of stiffness within 
materials that exhibit elastic-brittle behaviour; that is, damage in these materials is initiated without 
significant plastic deformation. Note, that it is important to ensure that a linear response is an accurate 
representation of experimental mechanisms to ensure accuracy within the modelling. Unlike CZM, the 
discretisation of failure paths is not as stringent for the composite technique, where now an entire region 
of interest can be specified for failure analysis, not simply a single path. Damage can initiate and progress 
anywhere within the problem bounds, once the predefined failure criteria is met, leading to a model with 
low restrictions on the final failure path. From this brief discussion, the fibre reinforced failure model 
plays an important role in modelling and analysing scarf scarf joints and forms a powerful analysis 
technique. At the current state in Abaqus, each layer is modelled by continuum shell elements, where the 
state of the stresses is considered as in-plane. For a plane stress case where no damage is being considered 
the relation between stress and strain is given by equations 9-20 and 9-21. 
      (9-20) 
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     ]
 
 
 
 
 (9-21) 
The stress tensor is denoted by σ, ϵ is noted as the strain tensor and C is the elasticity matrix for the 
given material. As mentioned prior, damage is characterised by degradation of the materials stiffness. 
Upon loading of a specimen beyond the point of damage initiation, a new stiffness matrix response is 
substituted in and is calculated as follows in equation 9-22. 
       (9-22) 
The new elasticity matrix,   , is for a given material subjected to damage. This matrix defines the 
damage in terms of linear stiffness reduction which is presented in equations 9-23 and 9-24. 
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] (9-23) 
     (    )             (9-24) 
The states of fibre, matrix and shear damage are described by the internal variables   ,    and    
respectively.    reflects the fibre direction modulus,    describes the transverse fibre modulus and   is 
the in-plane shear modulus.     and    are the respective ply Poisson’s ratios. Damage is broken up into 
two phases, the first it initiation while the second is propagation. Damage initiation refers to the onset of 
degradation at a material point, where four different modes of failure are considered: 
 fibre rupture in tension 
 fibre buckling and kinking in compression 
 matrix cracking under transverse tension and shearing 
 matrix crushing under transverse compression and shearing 
The different failure modes are treated independently with failure conditions described by the 
following Hashin damage initiation criterion in equations 9-25, 9-26, 9-27 and 9-28. 
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   (9-28) 
XT, XC, YT, YC, SL and ST denote the longitudinal tensile strength, longitudinal compressive 
strength, transverse tensile strength, transverse compressive strength, longitudinal (in-plane) shear 
strength and transverse (out-of-plane) shear strength, respectively, where values are material dependent 
and are obtained through experimental means. α is the coefficient that relates the shear stress contribution 
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to the fibre tensile initiation criterion. For this research, the fibre tensile failure is assumed to be 
independent of the shear stress, hence α = 0. The applied stress states  ̂  ,  ̂  , and  ̂   are components of 
the “effective” stress tensor, that is used to evaluate the initiation criteria and which is computed from the 
following expressions which incorporate the true stress state, σ, and a damage operator matrix, M, in 
equations 9-29 and 9-30. 
  ̂     (9-29) 
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 (9-30) 
Prior to any damage initiation the damage operator, M, is equal to the identity matrix, therefore 
 ̂   . Once damage initiation has occurred for at least one failure mode, the damage operator becomes 
active. The internal damage variables   ,    and    are derived from the mode specific damage variables 
  
 ,   
 ,   
  and   
 . Superscripts t and c refer to tension and compression while subscripts f and m 
describe fibre and matrix components. The    is a function of both matrix and fibre components as 
illustrated in equation 9-31. 
      (    
 )(    
 )     
       
   (9-31) 
The damage evolution capability for fibre-reinforced materials in Abaqus is based on energy 
dissipation during the damage process and assumes that damage is characterized by linear progressive 
degradation of material stiffness, leading to material failure. The damage variable will evolve such that 
the stress-displacement behaves as shown below in each of the four failure modes.  
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Figure 9-8: Equivalent stress vs equivalent displacement 
The positive slope of the stress-displacement curve prior to damage initiation corresponds to linear 
elastic material behaviour; the negative slope after damage initiation is achieved by evolution of the 
respective damage variables as per the equations defined by equations 9-32, 9-33, 9-34 and 9-35. 
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The characteristic length,   , is based on the element geometry and the type. Typically, this length 
is the distance a first-order element, or half of the same length for a second-order element. For 
membranes and shells it is calculated as the square root of the reference surface area. The Macaulay 
bracket operators in the aforementioned equations, 〈 〉, are used to define whether the equivalent stresses 
and displacements are in the tension or compression domain through the ramp function in equation 9-36. 
 〈 〉  
  | |
 
 (9-36) 
Finally, after the equivalent stress and displacement parameters for each corresponding failure 
mode is determined the damage component variable can be calculated. After damage initiation (    
   
 ) for each individual mode the damage state is described by the mathematical expression in equation 
9-37. 
   
   
 
(       
 )
   (   
     
 )
 (9-37) 
Here    
  is the initial equivalent displacement at which the initiation criterion for that mode was 
met and    
 
 is the displacement at which the material is completely damaged in this failure mode. To 
determine    
 
 the energy dissipated due to failure,   , must be specified for each individual failure mode. 
Full details of the application on continuum damage mechanics initiation and propagation criteria 
can be located in Section 24.3 of the Abaqus Analysis User’s Manual [167]. 
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Chapter 10. Appendix B - New Model Validation 
As there is no “convergence” in an explicit solver, being a dynamic solver, suitable parameters 
such as analysis time and mass scaling need to be determined to accurately and efficiently model a quasi-
static case. This is discussed further in the following sections. 
10.1 Time Dependent Amplitude Input 
As Abaqus/Explicit is a time dependent solver, applied displacements translate into velocities, and 
inherent accelerations depending on the inputted amplitude function. To be able to have a robust model 
which can predict failure over a large bandwidth of failure strains, a custom amplitude function was 
developed such that all predictive models failed at a constant speed, ensuring that the failure load was not 
going to be a function of model velocity. Having an elaborate approach for the input function was deemed 
necessary as the modelling velocity will be several orders of magnitude higher that actual experimental 
speeds, discussed later in this section. The standard Abaqus smooth step function is described in equation 
10-1.  
 
             
                                
Where   
    
     
 
(10-1) 
   is the initial amplitude,    is the destination amplitude,    is the initial time and    is the final 
time. An inflection point exists at the midpoint of the Abaqus function, and as such is the point of 
maximum velocity as shown in Figure 10-1. By finding the first derivative of the above equations the 
slope at any point can be determined (ie, the point of maximum velocity) by equation 10-2. 
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))  (10-2) 
Once the value of the slope is determined it can be substituted as m into a linear equation (  
    ), along with corresponding x and y data points to determine constant c. For this case the x and y 
values correspond to half of    and    respectively. A comparison between the Abaqus smooth step 
function and modified version can be seen in Figure 10-1. The linear portion of the Modified Abaqus 
Scaled amplitude function needs to be large enough to cover the failure from the lowest displaced model 
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to the largest displacement. For the parameters chosen, a maximum displacement of 5 mm was used 
where the displacement at the beginning of the slope is approximately 1mm. This 4mm range gives 
sufficient boundaries to capture the experimental program undertaken. The data was implemented into 
Abaqus using the tabular amplitude function and smoothing between the data points to remove step 
changes in velocity. 
 
Figure 10-1: Comparison between Abaqus smooth step and custom amplitude function 
Explicit solvers can be quite computationally expensive when finer mesh densities, and larger 
element counts are present, especially in the presence of quasi-static models as modelling in real time is a 
severe computational expense. In these situations, it is necessary to “artificially speed up” the analysis 
time period in order to compensate for the loss in computational efficiency. For this research, 
experimental times of up to 5 minutes (300 seconds) can be typically seen during quasi-static testing. To 
ensure computational efficiency, the analysis time period will need to be reduced several orders of 
magnitude. A summary of the maximum velocity (slope of the modified Abaqus scaled function in Figure 
10-1), with respect to the analysis time periods chosen are listed in Table 2. 
Table 10-1: Analysis time period vs resultant velocity 
Time Period (s) Velocity (mm/s) 
0.0001 59,211 
0.001 5,921 
0.005 1,184 
0.01 592 
0.5 118 
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10.2 Implicit vs Explicit Elastic Results (Analysis Time Study) 
For the first stage of developing a new methodology, the explicit modelling regime needs to be 
directly compared to previous implicit results for validation. That is an equivalent explicit model needs to 
be developed and benchmarked against previous linear-elastic implicit based models to ensure the 
dynamic solver is in fact reaching a “converged” state. The explicit calibration scarf repair models were 
done so with a linear elastic material response and only a single CZM surface based interaction active 
along the adhesive-adherend, to match the work presented in Chapter 4. Identical boundary conditions 
have been applied to that shown in Figure 4-8, where a displacement is applied to a master end node 
while monitoring the reaction force and damage criteria. The predicted strength results for three implicitly 
modelled cases (with no mass scaling) versus analysis time are compared to previous Implicit solution as 
shown in Figure 10-2. Failure has been defined in the model by the sudden loss on load-carrying capacity. 
 
Figure 10-2 Linear elastic analysis time vs strength predictions for a) pristine with no support, b) 40% TF with no 
support and c) 40% TF with sandwich support  
From the results presented in Figure 10-2, convergence of the explicit scarf joint model is occurring 
from beyond a 0.01 second analysis time. This time is substantially faster than that of experimental 
testing times. It is interesting to note that for the analysis time of 0.01 seconds the maximum velocity is 
592 mm/s, where experiments were conducted at 0.5 mm/min, showcasing a substantial difference in 
applied speeds. In an additional note, due to the dynamic nature of the Explicit based solver, it is 
important to ensure that the kinetic energy in the model is much smaller than the total energy within the 
system, for quasi-static analysis.  
The bondline stresses in the adhesive layer were also compared in Figure 10-3 between the 
Implicit/Explicit scarf joint analysis to further confirm that an equivalent model had been developed. Note 
that for both the supported and unsupported 40% TF case that the stress peak due to the pre-flaw are at 
different positions. As the bondline stress was taken just prior to failure of the joint different levels of 
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damage progression, or unzipping of the bondline, can be observed. That is the 40% unsupported TF case 
has seen a greater level of delamination in the bondline prior to failure than the supported case. 
 
Figure 10-3: Linear elastic Implicit/Explicit bond-line stress comparison for a) pristine with no support, b) 40% TF with 
no support/40% TF with sandwich support 
From the time study a solution time of 0.01 seconds was determined to be acceptable for the 
Explicit scarf joint results. Once the solution time was satisfied for the Explicit solver, ultimate strength 
prediction results were directly compared to the initial Implicit solution. The results are presented in 
Figure 10-4 and show consistent agreeance with predicted trends in Chapter 4. Now that the explicit 
model is validated for the linear elastic case, additional mechanisms can be added into the analysis. 
 
Figure 10-4: Implicit vs explicit full linear-elastic results 
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10.3 Elasto-Plastic Explicit Model 
Now that a comparative linear-elastic model has been formulated for the Explicit scarf joint model, 
three additional mechanisms were added to ensure that accumulation of model features do not adversely 
affect the converged state with respect to analysis time. These mechanisms include the cohesive surface 
interaction being active on both adhesive/adherend interfaces simultaneously, adhesive layer material 
non-linearity, and finally ductile damage of the adhesive layer. A mass scaling study was also conducted 
to improve computational efficiency without adversely affecting the response of the numerical models. 
10.3.1 Additional Mechanisms Solution Time Study 
As in the previous section, a time study was conducted with the additional mechanisms to ensure a 
steady solution is accomplished. Results of the time study showed a similar trend to the observations 
made in Figure 10-2, that is the results show convergence at a solution time of 0.01 seconds. The elastic 
plastic strength results, with respect to solution time, is described in Figure 10-5. These results give 
confidence in the fact that adding additional mechanisms does not affect the convergence analysis time, 
with the current scarf joint modelling setup.  
 
Figure 10-5: Elastic plastic analysis time vs strength predictions for a) pristine with no support, b) 40% TF with no 
support and c) 40% TF with sandwich support 
10.3.2 Mass Scaling Study 
Up until this point no mass scaling in the model has been considered. The inclusion of artificially 
added mass into the numerical process will aid in reducing the computational expense. The stable time 
increment, Δt, in an Explicit numerical solver is based on the minimum time it takes for a pressure wave 
to cross a single element. This dilatational wave speed, cd, can be expressed for a linear elastic material 
(with Poisson’s ratio equal to zero), where E is the Young’s Modulus, and ρ is the material density. 
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Therefore, based on a geometrical length of the element, Lelement, Δt can be determined through equations 
2-1 and 10-4. 
    √
 
 
 (10-3) 
    
        
  
 (10-4) 
For this modelling setup, it had been determined that only increasing the mass of the elements can 
help enlarge the stable time increment for improved computational efficiency, as the geometry and 
stiffness properties are fixed values. Mass scaling was enforced by pre-defining the stable time increment 
in Abaqus, and elements which fall below this number have mass added to meet the time requirement. 
The process was imposed only at the beginning of the analysis, so the mass of each element remains 
constant throughout the solution. It was found that recalculating the level of mass scaling with each 
analysis increment lead to an exponential increase in excessive mass as large failure of the joint 
progressed. This is not recommended as it can largely alter the behaviour of failure mechanisms. Values 
of % mass change, with respect to corresponding stable time increment is shown in Table 10-2. Note that 
these mass change values are unique to this model setup only. It is interesting to see that for no change in 
mass the initial stable time increment is quite small. This can be related to the small wedge elements 
located at each of the ply tips limiting the maximum time increment allowed. 
Table 10-2: Effects of mass by adjusting stable time increment 
Stable time increment 
(Δt) 
Approx. % mass 
change 
2.81E-10 0 
1.00E-09 0.01 
5.00E-09 0.5 
1.00E-08 40 
5.00E-08 2,900 
1.00E-07 11,900 
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Care needs to be taken to ensure that an excessive amount mass is not being added to the model or 
the “converged” results will begin to drastically change. As the elements become too dense, damage 
progression becomes delayed as a portion of energy in the model is being consumed by adding mass. 
Figure 10-6 describes the damage state of three different mass scaled cases prior to rapid damage 
progression, for the 40% TF sandwich support case. For the non-mass-scaled model, damage 
concentrations at individual ply tips are present. As the level of mass scaling increases the damage size 
also begins to increase, which ultimately delays damage progression and alters the damage mechanisms. 
      
Figure 10-6: Cohesive zone damage state for various stable time increments 
To understand the sensitivity of mass scaling, with the present numerical methodology, a 
parametric study was conducted where the strength predictions are analysed as a function of various mass 
scales. Results presented are for a solution time of 0.01 seconds. The levels of mass scaling used vary 
from stable time increment (Δt) = 2.81e-10 up to 1e-07, with results presented in Figure 10-7. It was 
found that for the pristine and 40% TF sandwich support cases begin to diverged from the non-mass 
scaled solution, where the unsupported 40% TF model results begin to diverge at higher levels of mass 
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scaling. Inspection of all cases showed relatively good response to the first stable time increment of Δt = 
1e-09, which correspond to a mass increase to the model of 0.01%. From this, varying results are 
observed to affect the ultimate joint strength prediction, depending on the geometrical setup, with 
increasing levels of applied mass. 
 
Figure 10-7: Stable time increment vs strength predictions for a a) pristine with no support, b) 40% TF with no support 
and c) 40% TF with support 
The bondline stresses are also analysed, momentarily prior to joint failure, to understand the effects 
of mass scaling on localised stress results, which is presented in Figure 10-8. Various mass scaled results 
show that the bondline stress distributions are indeed adversely affected with increasing levels of mass. 
Observation shows that the bondline stresses are affected greater when non-linear phenomena occur such 
as plasticity and damage. To be anodyne while modelling the large array of test cases presented in this 
thesis, low levels of mass scaling should be implemented. A stable time increment of 1e-09 has been 
chosen for the level of mass scaling for subsequent analysis. Further mass scaling is not recommended as 
it could largely alter the active damage mechanisms in the model, which is a primary focus of this study. 
 
Figure 10-8: Elastic plastic mass scaling bondline comparison for a) pristine with no support, b) 40% TF with no support 
and c) 40% TF with support 
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Chapter 11. Appendix C – HW Adhesive Calibration 
Some literature considers the effects of fracture toughness on preconditioned FM300-2M film 
adhesive specimens for various water absorption levels [96]. Other work considers the effects of both 
elevated temperature and moisture, however only for Mode I cases [97]. And then finally, some 
researches have considered the CD response of the adhesive layer under Mode I loading conditions only 
[88, 91]. RT fracture toughness values were validated against other literature and found to have good 
correlation [150]. With increasing levels of moisture absorbed in the adhesive showed increased levels of 
cohesive failure, along with decreasing values of fracture toughness. From this relatively limited 
understanding in literature, the aim of the current study is to determine appropriate fracture toughness and 
strain to failure values of FM300-2K film adhesive, tested under HW conditions, such that it can be 
applied to the ductile failure model presented in Chapter 5 of this thesis. 
To begin with it is important to understand the failure behaviour of ductile adhesives. Late in the 
Primary Adhesive Bonded Structural Technology (PABST) program, the Hart-Smith was made aware of 
what was responsible for the long tail on the stress-strain curves. It was identified that it was not plasticity 
in the classical sense, but is the formation of a series of hackles. These hackles are closely spaced, 45° 
inclined fractures governed by maximum and minimum principal stress orientations. The maximum 
principal stresses are generally tensile, while the minimum principal stresses are in compression. An 
example of this hackling phenomena is shown in Figure 11-1.  
 
Figure 11-1: Hackle formation in highly strained adhesives [63] 
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Once the presence of hackles has initiated, the adhesive layer is no longer considered a continuum 
block of material. These series of ligaments, that are considered being bent elastically, provide the added 
displacement with no significant increase in shear load. As the adhesive strain increases the greater the 
hackle density becomes until the voids eventually link and cause unstable damage growth. The 
assumption that the first crack in the bond is parallel to the surfaces of the adherends is true only when the 
joint prematurely fails by induced peel stresses, not by shear. Likewise, if the overlap were too short, as in 
most test coupons, the failure would be by shear, not peel, and the assumed cracks in the bond would 
again have the wrong orientation. An example of the stress state for a 3° pristine repair, with full 
adhesive/composite damage mechanisms active, is shown below in Figure 11-2, using literature based 
HW values. From this figure, there is a combination of maximum and minimum principal stresses acting 
along the length of the bondline, and that the maximum principal stress is the primary active damage 
mechanism. 
 
Figure 11-2: Example maximum vs minimum principal adhesive layer stress for increasing levels of load (3° Pristine HW 
case) 
Note that the current modelling methodology does not account for this discontinuous blocking of 
material due to the presence of hackles, and that the current damage mechanisms are based on the Von 
mises yielding criterion and equivalent plastic strain. For the adhesive layer, fracture toughness properties 
have initially been adopted from the work by Mohan, et al. [96], and strain to failure based on the 
materials technical data response in Table 6-2. Notice that only one fracture toughness value is used, and 
it’s the mode I case. This is due to the continuum damage model requiring only one toughness value to 
   RMIT University, Australia 
239 
 
describe the fracture propagation. It is understood that these fracture toughness values are determined 
from RT, and the current experiments were conducted at HW conditions. However, the G value provides 
a good initial baseline as it is identical to the adhesive material used throughout testing of this thesis. 
Further consideration will be given on later in the chapter with regards to the sever effects of temperature, 
in combinations with moisture. Stress diffusion modelling was also not considered in this analysis where 
the adhesive layer bondline was assumed to be evenly saturated from end to end. Surveying the open 
literature found that for highly strained adhesive the failure mechanisms are quite complex by Hart-Smith 
[63]. 
As previously stated by Hart-Smith, due to the formation of hackles, a series of ligaments, that are 
considered being bent elastically, provide additional displacement to the adhesive layer with no 
significant increase in shear load. If a continuum damage failure response is to be used, then a general 
calibration process must be provided. To determine correct calibration values a new equivalent plastic 
strain and fracture toughness properties must be determined. To calculate a calibrated strain value, 
experimental secondary bonded DCB and ENF testing were tested under HW conditions. The specimen 
configuration is identical to that in Figure 4-4, however this time with the addition of a 0.2mm thick 
FM300-2K bondline along the crack path. Curing and bonding of the two IM7/977-3 substrates was done 
under identical conditions presented in 3.2.1 Manufacturing Process and Test Matrix, where identical 
environmental conditions were used from 3.2.2 Specimens Conditioning Process, until specimens were 
considered fully saturated. 
Numerical calibration models were developed in Abaqus/Explicit which failure was limited to 
continuum damage of the adhesive layer only. As with the previous numerical methodology developed in 
Chapter 5, a time study was conducted to determine an efficient analysis without adversely affecting 
numerical results. The models analysis time was set to 0.05 seconds, with no mass scaling used. To begin 
with the models were simulated with the HW experimental stress-strain (Table 6-2) and fracture 
toughness value (0.7 kJ/mm
2
) determined from literature, to which the load displacement response and 
crack propagation distance was compared to experimental findings. The simulated strength results were 
found to be largely over predictive, as seen in the previous numerical HW scarf joint results. It was 
determined from analysis of the results that both the initiation strain to failure and fracture toughness 
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were both excessively high. Results are presented in Figure 11-3. From this point the equivalent plastic 
strain was incrementally decreased until the DCB/ENF load displacement results begin to match with the 
experimental observations. It was found that the sensitivity to change was minimal by altering the strain 
value alone, which was attributed to the fracture toughness remaining constant. If the G value remains 
constant, while the equivalent plastic strain at damage initiation is reduced, then the extension to failure 
increases, as the area under the stress strain curve remains constant. Therefore, to use a continuum 
damage based failure criterion, both the equivalent plastic strain and fracture toughness must be reduced. 
The values used are 40% and 20% of the original properties used and are presented in Table 11-1. 
Table 11-1: Calibrated strain and fracture toughness values 
Data Set Plastic εeq at damage onset GC (kJ/mm
2
) 
Uncalibrated 0.7708 0.70 
Calibrated – 40% 0.3083 0.28 
Calibrated – 20% 0.1542 0.14 
 
 
Figure 11-3: HW DCB/ENF calibrated results 
It can be seen that a significant reduction was required to maintain correlation between numerical 
and experimental results. The reduction may be significant to ensure that the material response maintains 
predominantly elastic deformation, as stated previously by Hart-Smith. Once the new equivalent plastic 
strain at damage onset and fracture toughness value is determined, they are directly substituted into the 
scarf joint models with the new results predicted shown in Figure 6-10. Ideally this calibration process 
should also be carried out with RT and CD adhesive properties to ensure the correct adhesive failure 
mechanism properties are being applied to each model. However, as the numerical and experimental 
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failure analysis show, composite dominant failure is present under RT and CD conditions. Based on this 
statement, it is assumed that the adhesive damage effects are not significant on the joint performance of 
models simulated under RT and CD environments. 
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Chapter 12. Appendix D –  Stress Profiles (RT) 
 
Figure 12-1: Composite and bondline stress comparison for 3° unsupported pristine joint (RT) 
   
Figure 12-2: Composite and bondline stress comparison for 5° unsupported pristine joint (RT) 
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Figure 12-3: Composite and bondline stress comparison for 3° unsupported pristine with soft layup joint (RT) 
 
 
Figure 12-4: Composite and bondline stress comparison for 3° unsupported 10% TF joint (RT) 
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Figure 12-5: Composite and bondline stress comparison for 3° unsupported 20% TF joint (RT) 
 
 
Figure 12-6: Composite and bondline stress comparison for 3° unsupported 40% TF joint (RT) 
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Figure 12-7: Composite and bondline stress comparison for 3° unsupported 20% CF joint (RT) 
 
 
Figure 12-8: Composite and bondline stress comparison for 3° unsupported pristine sandwich supported joint (RT) 
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Figure 12-9: Composite and bondline stress comparison for 3° unsupported pristine doubler supported joint (RT) 
 
 
Figure 12-10: Composite and bondline stress comparison for 3° unsupported 20% TF sandwich supported joint (RT) 
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Figure 12-11: Composite and bondline stress comparison for 3° unsupported 40% TF sandwich supported joint (RT) 
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Chapter 13. Appendix E –  Stress Profiles (CD) 
 
Figure 13-1: Composite and bondline stress comparison for 3° unsupported pristine joint (CD) 
   
Figure 13-2: Composite and bondline stress comparison for 5° unsupported pristine joint (CD) 
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Figure 13-3: Composite and bondline stress comparison for 5° unsupported 10% TF joint (CD) 
 
 
Figure 13-4: Composite and bondline stress comparison for 5° unsupported 20% TF joint (CD) 
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Figure 13-5: Composite and bondline stress comparison for 5° unsupported 40% TF joint (CD) 
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Chapter 14. Appendix F – Stress Profiles (HW) 
 
Figure 14-1: Composite and bondline stress comparison for 3° unsupported pristine joint (HW) 
 
Figure 14-2: Composite and bondline stress comparison for 5° unsupported pristine joint (HW) 
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Figure 14-3: Composite and bondline stress comparison for 3° unsupported pristine with soft layup joint (HW) 
 
 
Figure 14-4: Composite and bondline stress comparison for 3° unsupported 20% TF joint (HW) 
   RMIT University, Australia 
253 
 
 
Figure 14-5: Composite and bondline stress comparison for 3° unsupported 40% TF joint (HW) 
 
            
Figure 14-6: Composite and bondline stress comparison for 3° unsupported 20% CF joint (HW) 
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Figure 14-7: Composite and bondline stress comparison for 3° unsupported pristine sandwich supported joint (HW) 
 
 
Figure 14-8: Composite and bondline stress comparison for 3° unsupported pristine doubler supported joint (HW) 
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Figure 14-9: Composite and bondline stress comparison for 3° unsupported 20% TF sandwich supported joint (HW) 
 
Figure 14-10: Composite and bondline stress comparison for 3° unsupported 40% TF sandwich supported joint (HW) 
